

























































































































	 I	 have	 an	 enormous	 sense	 of	 gratitude	 for	 the	 support	 and	 guidance	 of	 Dr.	 Betsy	
Foxman,	 who	 became	 a	 mentor	 to	 me	 long	 before	 becoming	 an	 Advisor.	 	 Dr.	 Foxman	
offered	 constant	 encouragement	 and	 helped	 steer	 me	 through	 many	 adversities	 with	
dignity	and	professionalism.		I	thank	her	for	giving	me	the	freedom	to	explore	and	create,	
and	for	the	many	opportunities	to	voice	myself.		Dr.	Foxman's	strength	and	determination	
is	 exemplary.	 	 I	 found	 relief	 in	 being	 able	 to	 trust	 her	 completely,	 never	 feeling	 judged.		
There	are	no	words	to	describe	my	gratitude	to	her.	 	I	hope	to	always	continue	being	her	
mentee	and	friend.	
	 I	 am	very	 thankful	 to	Dr.	Allison	Aiello,	who	provided	much	needed	help	with	my	
epidemiological	 analyses	 and	 interpretation,	 and	 whose	 gentleness	 and	 words	 of	
encouragement	were	always	appreciated.	 	Her	belief	 in	me	never	wavered	and	 that	gave	




Deborah	 Goldberg.	 	 I	 am	 thankful	 for	 her	 patience	 in	 teaching	 me	 the	 principles	 of	
community	 ecology	 and	 for	 her	 trust	 in	 allowing	 me	 to	 incorporate	 them	 into	 my	
dissertation.	 	 A	 special	 thanks	 to	 Dr.	 Carol	 Chenoweth	 and	 Dr.	 Elaine	 Larson,	 for	 their	
invaluable	 clinical	 expertise	 and	 constant	 encouragement.	 	 Their	 excitement	 with	 the	




	 I	 would	 also	 like	 to	 thank	 the	 members	 of	 the	 Center	 for	 Molecular	 and	 Clinical	
Epidemiology	 of	 Infectious	 Diseases	 (MAC‐EPID),	 especially	 Carl	 Marrs,	 Ai	 Wen,	 Ashley	
Hazel,	Gregg	Davis,	Brian	Davis,	and	Liz	Levin	for	all	the	helpful	discussions,	brainstorming,	








support.	 	 Thanks	 to	 Kerby	 Shedden	 and	 Yanming	 Li	 at	 The	 Center	 for	 Statistical	
Consultation	 and	 Research	 (CSCAR)	 at	 The	 University	 of	 Michigan,	 for	 their	 generous	
analytical	 support.	 	Thanks	 to	David	Carter	at	The	London	Regional	Genomics	Center	 for	
the	 laboratory	portion	of	the	sequencing	work,	and	to	Gregory	Gloor	at	The	University	of	
Western	Ontario	for	his	bioinformatics	expertise	and	sequence	filtering	help.	














	 I	 am	 forever	 grateful	 to	 the	 influential	 and	 inspiring	 professors	 along	 the	 way,	
namely	Drs.	Philip	Brachman,	Ruth	Berkelman,	David	Kleinbaum,	Timothy	Holtz,	Katherine	
Hoggatt,	 and	 Hal	 Morgenstern.	 	 Their	 passion	 for	 their	 work	 and	 dedication	 to	 their	
students	are,	to	me,	an	endless	source	of	inspiration.	
	 Words	 cannot	 express	 my	 eternal	 gratitude	 for	 my	 family	 and	 friends	 for	 their	
unyielding	 love,	 support,	 and	 encouragement.	 	 My	 doctoral	 experience	 was	 greatly	
enriched	by	many	 friends	 I	was	 fortunate	 to	make	during	my	 time	 in	Ann	Arbor,	 and	by	
those	 who	 accompanied	 steadfastly	 along	 from	 afar.	 	 Thank	 you.	 	 For	 my	 parents,	 who	
provide	me	with	peace	and	comfort,	 for	my	sister	and	brother‐in‐law,	who	remind	me	of	









































































































































































































































CFU	 	 	 Colony‐forming	unit	
HAI	 	 	 Healthcare‐associated	Infection	
HMP	 	 	 Human	Microbiome	Project	
ICU	 	 	 Intensive	Care	Unit	
MRSA	 	 	 Methycilin‐resistant	Staphylococcus	aureus	
PCoA	 	 	 Principal	Coordinate	Analysis	
OTU	 	 	 Operational	Taxonomic	Unit	
QIIME		 	 Quantitative	Insights	Into	Microbial	Ecology	
SICU	 	 	 Surgical	Intensive	Care	Unit	
















	 The	 complex	 microbial	 communities	 that	 inhabit	 our	 bodies,	 our	 microbiota,	
profoundly	influence	human	health.		Alterations	in	microbiota	profiles	occur	as	a	result	of	
host	 and	 environmental	 factors,	 and	 can	 lead	 to	 increased	microorganism	 transmission,	
pathogen	susceptibility,	and	disease.	 	This	interdisciplinary	dissertation	investigates	hand	
microbiota	 dynamics	 over	 a	 3‐week	 period	 among	 34	 surgical	 intensive	 care	 unit	




technical	 variation	 due	 to	 (i)	 specimen	 collection	method,	 (ii)	DNA	 extraction	 technique,	
and	 (iii)	 sequencing.	 	Analysis	of	 the	HCWs'	hand	microbiota	 showed	 that	only	 sampling	
collection	 method	 appeared	 to	 have	 a	 significant	 impact	 on	 the	 observed	 microbial	
community	 structure.	 	 Samples	 collected	 using	 the	 glove‐juice	 method	 showed	 that	
individuals'	hands	were	slightly	more	similar	to	each	other	in	microbial	composition	over	
time	 than	between	 individuals.	 	Using	 the	 swab	method,	however,	 samples	 from	a	 single	
individual	were	no	more	similar	to	each	other	than	to	other	individuals.	
	 After	 HCW	 hand	 microbiota	 characterization,	 we	 assessed	 its	 role	 in	 nosocomial	
pathogen	carriage.		The	proportion	of	pathogens	detected	using	qPCR	varied	by	collection	
visit:	 Staphylococcus	 aureus	 ranged	 from	 41.2%‐52.9%;	 Enterococcus	 spp.	 ranged	 from	





basic	 demographics,	 overall	 health,	 hand	 health,	 hand	 hygiene	 practices,	 and	 patient	
contact	 levels,	 to	 explore	 possible	 associations	 with	 pathogen	 carriage.	 	 Risk	 factors	 for	
pathogen	 carriage	 were	 pathogen	 specific.	 	 Hand	 microbiota	 may	 have	 mediated	 the	
relationship	between	hand	hygiene	and	pathogen	carriage;	and,	acted	as	effect	modifiers	in	
the	 relationships	 between	 a)	 age	 and	 Enterococcus	 spp.	 carriage,	 and	 b)	 work	 shift	 and	
Staphylococcus	aureus	carriage.	
	 Understanding	risk	factors	for	pathogen	carriage	and	its	relationship	to	HCW	hand	








	 Infections	 acquired	 in	 intensive	 care	 units	 (ICU)	 are	 associated	 with	 significant	
morbidity	 and	 mortality.	 	 The	 burden	 of	 nosocomial	 infection	 varies,	 according	 to	 the	
hospital	 setting,	 the	 patient	 population,	 hospital	 length‐of‐stay,	 surveillance	 methods,	
reporting	rates,	and	case	definitions	used	(Doyle	et	al,	2011).		According	to	the	Centers	for	
Disease	Control	and	Prevention,	approximately	1	out	of	every	20	hospitalized	patients	will	
contract	a	healthcare‐associated	 infection	 (HAI).	 	Others	estimate	up	 to	10%	of	admitted	
patients	will	acquire	a	nosocomial	infection.		These	rates	have	once	been	reported	to	be	5‐
10	times	higher	in	ICUs	than	among	general	ward	patients	(Trilla,	1994).		Recently,	a	large,	





at	 hand	 hygiene	 on	 the	 prevention	 of	 HAI	 showed	 that	 almost	 all	 report	 a	 temporal	
association	between	improved	hand	hygiene	and	reduced	infection	and	cross‐transmission	






transmission	 episodes	 and	 hand	 hygiene	 compliance	 (Eckmanns	 et	 al,	 2006).	 	 An	
explanation	of	why	increasing	hand	hygiene	compliance	is	not	the	silver	bullet	against	HAI	
is	 the	 increased	 rates	 of	 dermatitis	 among	 healthcare	 workers,	 acquired	 due	 to	 the	
extraordinary	high	frequency	with	which	they	wash	their	hands	and	use	hand	alcohol	rubs.		
Their	 ensuing	 damaged	 hands	 often	 harbor	 more	 microorganisms	 than	 normal	 hands,	
because	washing	damaged	hands	is	less	efficient	at	reducing	bacterial	load	(Larson,	2001).		
Damaged	 hands	 has	 also	 been	 shown	 to	 be	 associated	 with	 greater	 bacterial	 load	 with	
antimicrobial	 resistance,	 despite	 using	 just	 plain	 soap	 (Borges	 et	 al,	 2007;	 Rocha	 et	 al,	
2009).	 	 Poor	 hand	 health,	 however,	 may	 not	 be	 the	 only	 explanation	 for	 the	 observed	
increase	 in	 bacterial	 load.	 	 Perhaps,	 the	 inter‐species	 interactions	 provided	 by	 the	 hand	
microbiota	can	also	be	held	accountable.		We	do	not	know,	for	instance,	enough	about	our	
skin	 microbiota	 to	 realize	 the	 full	 impact	 hand	 hygiene	 has	 on	 its	 balance,	 and	
consequently,	 on	 our	 potential	 to	 carry	 certain	 pathogens,	 and	 consequently	 transmit	
diseases.	 	Clearly,	 control	of	 transmission	of	hospital	 infections	requires	more	 than	clean	
hands.			
Overview	






practice.	 	 The	Healthy	Hands	 Study	 is	 a	 longitudinal,	 short‐termed,	 observational	 cohort	
study	looking	at	the	hand	microbiota	of	healthcare	workers	(HCW)	in	a	surgical	intensive	
care	 unit.	 	 The	HCWs'	 hand	microbiome	were	 collected	 and	measured	 at	 three	points	 in	
time,	 and	 time‐invariant	 predictors	 of	 its	 variability	 and	 of	 pathogen	 carriage,	 were	




	 First,	 this	dissertation	describes	 the	human	skin	microbiota,	outlines	 the	potential	
determining	factors	driving	 its	variability,	posits	the	 likelihood	of	an	association	between	
the	 resulting	 microbial	 community	 structure	 on	 the	 skin	 with	 disease	 outcomes	 among	
individuals,	 and	 finally,	 presents	 some	 challenges	 and	 implications	 for	 studying	 the	 skin	
microbiota.	
	 Second,	it	evaluates	the	biological	variability	of	the	skin	microbiome	of	the	hands	of	
HCWs	 to	consequently	understand	more	accurately	 its	 impact	 in	health,	disease	etiology,	
and	microbial	transmission.		This	dissertation	investigates	the	dynamics,	or	the	variation	in	
biological	patterns	between	individuals	and	within	individuals	over	time,	of	the	HCW	hand	







addresses	 its	 influence	 on	nosocomial	 pathogen	 carriage.	 	 Among	 the	most	 common	 ICU	
pathogens	 reported	 by	 the	U.S.	 National	Health	 Surveillance	Network,	 are	 Staphylococci,	
Enterococci,	and	Candida	 (Doyle	et	al,	2011).	 	HAI	of	methycillin‐resistant	Staphylococcus	
aureus	 (MRSA),	while	 in	decline	 in	 the	United	States,	 are	 still	 a	major	 concern.	 	A	6‐year	
surveillance	 study	 from	 173	 ICUs	 across	 Latin	 American,	 Asia,	 Africa,	 and	 Europe,	 show	
MRSA	 bloodstream	 infection	 rates	 remain	 high	 (84.1%)	 (Doyle	 et	 al,	 2011).	 	 These	 four	
nosocomial	 pathogens	 were	 therefore	 selected	 for	 screening	 the	 HCWs.	 	 Many	 factors,	
exogenous	 and	 endogenous,	 play	 a	 role	 in	 pathogen	 carriage	 upon	 exposure.	 	 The	
endogenous	skin	microbiota	of	the	hand,	is	one	of	them.		Through	intra‐specific	ecological	
interactions,	it	is	possible	the	hand	microbiota	can	either	mediate	pathogen	carriage	or	act	
as	 an	 effect	 modifier	 in	 the	 relationship	 between	 certain	 environmental	 factors	 and	
pathogen	carriage.		These	potential	roles	the	hand	microbiota	play	in	pathogen	carriage	are	












microbiota.	 	 To	 write	 a	 review	 that	 will	 summarize	 the	 skin	 microbiota,	 outline	 the	
potential	determining	 factors	driving	 its	variability,	posit	 the	 likelihood	of	 an	association	
between	 the	 resulting	microbial	 community	 structure	on	 the	skin	with	disease	outcomes	
among	individuals,	and	finally,	present	some	challenges	and	implications	for	studying	the	
skin	microbiome.	




Hypothesis	 1:	 	 The	microbiome	 community	 structure	 on	 nurses'	 hands	 observed	 among	
sequencing	replicates,	using	an	Ion	Torrent	personal	genome	machine,	is	the	same.	
Hypothesis	2:	 	 The	 glove	 juice	method	of	 specimen	 collection	 captures	 greater	microbial	
composition	 and	diversity,	 likely	 to	 be	more	 representative	 of	 the	 true	hand	microbiota,	
than	 the	 swabbing	method.	 	Moreover,	 the	microbial	 community	 structure	 found	 on	 the	
nurses'	hands	is	more	similar	within	than	between	collection	method.	
Hypothesis	3:		The	diversity	of	the	microbial	community	structure	within	individual	nurses	
is	 lower	 than	 the	 diversity	 between	 all	 nurses.	 	 Additionally,	 the	 microbial	 community	
structure	 is	not	uniform	within	an	 individual	nurse,	nor	across	all	nurses	over	time.	 	The	










Hypothesis	 2:	 Certain	 host	 demographic,	 behavioral,	 and	 environmental	 factors	 are	
associated	with	pathogen	carriage	among	HCWs.	





native	 microbial	 communities,	 leading	 to	 substantial	 infectious	 disease	 epidemiology	
implications.		Human	microbiome	studies,	in	general,	give	insight	into	whether	changes	in	
our	 communities	 of	 microbes	 can	 be	 correlated	 with	 changes	 in	 health.	 	 Studying	 the	
human	 skin	 microbiome,	 in	 particular,	 furthers	 our	 understanding	 of	 the	 microbial	
































regional	environmental	 characteristics,	 and	 transmission	events	may	all	potentially	drive	
human	 skin	 microbiota	 variability,	 resulting	 in	 an	 alteration	 of	 microbial	 community	
structure.		This	alteration	may	have	important	consequences	regarding	health	and	disease	
outcomes	 among	 individuals.	 	 More	 specifically,	 certain	 diversity	 patterns	 of	 human	
microbiota	may	 be	 predictive	 or	 diagnostic	 of	 disease.	 	 The	 purpose	 of	 this	 review	 is	 to	
briefly	 describe	 the	 skin	microbiota,	 outline	 the	potential	 determining	 factors	 driving	 its	








	 The	 skin	 is	 the	 largest	 human	 organ.	 	 As	 the	 skin	 is	 in	 direct	 contact	 with	 the	
environment,	 it	 is	 inhabited	 by	 and	 constantly	 exposed	 to	 microorganisms	 in	 the	
environment.	 	 The	 resident	 skin	 microbiota	 interacts	 with	 other	 microbes,	 with	 human	
cells,	 and	with	 the	 human	 immune	 system	 in	multiple	ways	 that	mediate	 risk	 of	 disease	
(Wilson,	 2005;	Wilson,	 2008).	 	 The	purpose	of	 this	 review	 is	 to	briefly	describe	 the	 skin	




	 For	 many	 decades,	 researchers	 have	 been	 interested	 in	 defining	 the	 microbial	
inhabitants	of	human	skin,	focusing	on	descriptive	features	such	as	their	association	with	
infection	 (McBride	 et	 al,	 1977),	 their	 stability	 over	 time	 (Evans,	 1975),	 and	 their	
interactions	with	other	microbes	(Wright	and	Terry,	1981).		Currently,	our	understanding	
of	the	human	microbiota	is	undergoing	a	dramatic	reassessment.		The	application	of	high‐











	 Although	 there	 have	 been	 some	 initial	 reports	 characterizing	 the	 skin	microbiota	
(Dekio	et	al,	2005;	Fierer	et	al,	2008;	Gao	et	al,	2007;	Grice	et	al,	2008;	Grice	et	al,	2009),	
most	 studies	 to	date	have	 focused	on	 the	 gastrointestinal	microbiota.	 In	 this	 system,	 the	
role	of	microbiota	diversity	 in	health	and	disease	 is	unclear.	 	For	example,	greater	 fungal	
richness	 and	 diversity	were	 observed	 in	 31	 patients	with	 Crohn’s	 disease	 as	well	 as	 26	
patients	 with	 ulcerative	 colitis	 compared	 to	 47	 controls	 (Ott	 et	 al,	 2009).	 	 By	 contrast,	
among	3	patients	with	recurrent	antibiotic‐associated	diarrhea	due	to	Clostridium	difficile,	
bacterial	 diversity	 was	 lower	 in	 the	 fecal	 microbiome	 compared	 to	 that	 found	 among	 7	
controls	 (Chang	 et	 al,	 2008).	 	 The	 sample	 size	 of	 these	 initial	 studies	 are	 small,	 and	 the	
results	do	not	give	a	clear	picture	of	whether	more	or	less	microbial	diversity	in	the	gut	is	
advantageous	 to	 the	 human	 host.	 	 Studies	 on	 other	 microbiota	 of	 clinical	 and	 general	
interest,	 including	the	oral,	urogenital,	and	skin	microbiota	(McGuire	et	al,	2008),	also	do	
not	show	a	consistent	association	between	diversity	and	health	and	disease.	 	It	is	still	too	
early	 to	predict	whether	 certain	microbial	 diversity	patterns	 are	 good	or	bad,	much	 less	
whether	 they	 cause	disease.	 	What	 is	 clear	 is	 that	 these	patterns	are	highly	complex	and	








antibacterial	 substances	 that	 help	 prevent	 infection.	 	 Skin	 also	 harbors	 a	 plethora	 of	
different	 groups	 of	microorganisms	 that	make	 up	 the	 human	 skin	microbiota.	 	 Properly	
characterizing	 this	 microbiota	 has	 important	 clinical	 implications	 due	 to	 its	 interaction	
with	other	microorganisms	that	may	play	a	role	in	human	disease.	
	 Most	 studies	 of	 skin	 microbiome	 have	 concentrated	 on	 characterizing	 the	
community	 structure	 of	microbes	 inhabiting	 healthy	 human	 hosts	 or	 in	 examining	 "how	
particular	bacteria	become	pathogenic"	(Chiller	et	al,	2001;	Cogen	et	al,	2007;	Fierer	et	al,	
2008;	Gao	et	al,	2007;	Grice	et	al,	2008;	Grice	et	al,	2009).		Though	dermatological	studies	
have	 long	 since	 shown	 associations	 between	 a	 number	 of	 skin	 infections	 and	 microbes	
(Masenga	et	al,	1990;	McBride	et	al,	1977;	Nakabayashi	et	al,	2000),	most	have	been	done	
using	 culture‐based	 approaches.	 	 Aside	 from	 some	 studies	 comparing	 microbial	
composition	between	healthy	adults	and	patients	with	psoriatic	 lesions	(Gao	et	al,	2008),	
atopic	 dermatitis	 (Dekio	 et	 al,	 2007),	 or	 acne	 (Bek‐Thomsen	 et	 al,	 2008),	 there	 is	 a	
surprising	lack	of	literature	evaluating	potential	associations	of	skin	microbiota	with	health	
and	disease,	especially	non‐dermatological,	systemic	disease,	using	molecular	approaches.		
In	 particular,	 the	 role	 of	 skin	 microbiota	 disturbance	 on	 the	 risk	 of	 infectious	 disease	
transmission,	have	not	been	explored.	
	 Figure	2‐1	describes	our	conceptual	framework	for	understanding	the	interactions	
between	 skin	microbiota,	 the	 human	host	 and	 environment,	 and	 the	 resulting	 impact	 on	
human	 health	 outcomes.	 	 Significant	 and	 potentially	 harmful	 alterations	 of	 the	 skin	
microbial	community	structure	may	occur	as	a	result	of	several	 factors,	 including	(1)	 the	
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transmission	 (dispersal)	 of	 non‐resident	 microorganisms	 into	 the	 microbiota,	 or	 the	
removal	 of	 dominant	 microorganisms	 from	 the	 microbiota,	 both	 resulting	 from	 direct	




however,	 also	 all	 have	 their	 own	direct	 effects	 on	health	 outcomes,	 possibly	 by	 affecting	
host	immunity.		All	of	the	driving	factors	included	in	the	conceptual	model	interact	to	some	
degree,	 as	 noted	 by	 the	 two‐directional	 arrows	 (Figure	 2‐1).	 	 For	 example,	 host	
demographics	(e.g.	gender)	may	interact	with	behavioral	characteristics	(e.g.	cosmetic	use)	
to	influence	the	microbial	community	structure	found	on	the	hands.	
	 It	 is	 generally	 accepted	 that	 host	 demographics	 and	 genetics,	 human	 behavior,	
certain	 environmental	 characteristics,	 and	 transmission	 events	 can	 all	 influence	 risk	 of	












	 Humans	 are	 usually	 born	 from	 an	 essentially	 sterile	 environment	 (Hrncir	 et	 al,	
2008;	 Stecher	 and	 Hardt,	 2008),	 but	 quickly	 become	 colonized	 by	 microbes.	 	 Which	
microbes	become	established	is	primarily	driven	by	the	mode	of	delivery,	with	vaginally‐
delivered	 babies	 having	 a	microbiota	more	 similar	 to	 their	mother’s	 vaginal	microbiota,	
and	C‐section	babies	having	a	microbiota	more	 similar	 to	 their	mother’s	 skin	microbiota	
(Dominguez‐Bello	et	al,	2010).	 	Bacteria	and	other	microorganisms	from	the	environment	
subsequently	interact	with	the	infant’s	epithelial	cells	leading	to	microbial	colonization	and	
co‐existence.	 	 Eventually,	 an	 increasingly	 complex	 ecosystem	 forms,	 comprised	 of	
endogenous,	or	resident,	and	transient	microorganisms	(Tlaskalová‐Hogenová	et	al,	2004).		
These	include	bacteria,	viruses,	fungi	and	protozoa.		Humans	harbor	more	microbial	cells	in	
their	mucosal	 surfaces	 and	 skin	 than	mammalian	 cells	 in	 the	 entire	 body	 (Foxman	 et	 al,	
2008).	 	While	many	of	 them	are	beneficial,	 commensal	or	neutral,	 some	can	 still	become	
pathogenic	 (Chiller	 et	 al,	 2001).	 	 It	 remains	 to	 be	 demonstrated	whether	 the	 potentially	
pathogenic	members	of	the	microbiota	are	kept	in	check	by	other	resident	microorganisms.		
Disruptions	 by	 antibiotics,	 handwashing	 or	 lotions	 may	 alter	 the	 microbial	 community	








and	 205	 genera	 (Grice	 et	 al,	 2009).	 	 Using	 broad‐range	 16S	 rRNA	 genes,	 PCR‐based	
sequencing	 of	 randomly	 selected	 clones	 identified	 8	 phyla	 and	 91	 genera	 from	 the	
superficial	 volar	 forearms	 of	 six	 healthy	 subjects	 (Gao	 et	 al,	 2007).	 	 In	 this	 study,	
Actinobacteria,	Firmicutes,	and	Proteobacteria	accounted	for	94.6%	of	the	clones.	 	Using	a	
pyrosequencing‐based	method,	 palmar	 surfaces	 of	 the	 hands	 of	 51	 healthy	 young	 adult	
volunteers	were	surveyed,	and	shown	to	harbor	more	than	25	phyla	(Fierer	et	al,	2008).		Of	
note,	 the	 same	 three	 phyla	 accounted	 for	 94%	 of	 the	 sequences	 in	 this	 study.	 	 A	 more	
comprehensive	 "whole‐body"	 survey,	 using	 a	 multiplexed	 barcoded	 pyrosequencing	
approach,	of	27	body	sites	(including	up	to	18	different	skin	sites)	among	healthy	adults,	
identified	 the	same	 three	phyla	 to	account	 for	over	82%	of	 the	sequences	 (Costello	et	al,	
2009).	 	 According	 to	 a	 recent	 review	 of	 the	 cutaneous	 microbiota,	 "Staphylococcus,	
Corynebacterium,	 Propionibacterium,	 Micrococcus,	 Streptococcus,	 Brevibacterium,	
Acinetobacterium,	 and	 Pseudomonas"	 were	 named	 as	 human	 skin	 bacterial	 residents	
(Cogen	 et	 al,	 2007).	 	Many	 are	 now	 emerging	 as	multidrug‐resistant	 pathogens,	 such	 as	
Staphylococcus	aureus	and	Staphylococcus	epidermidis.	(Marshall	et	al,	2008;	Sommer	et	al,	
2009).	 	Better	 characterization	of	 the	human	skin	microbiota	as	 "an	antibiotic	 resistance	
reservoir"	has	tremendous	clinical	implications	(Sommer	et	al,	2009).	
	 Most	 viruses	 of	 eukaryotic	 organisms	 are	not	 long‐term	 residents	 on	 the	 skin	but	
some	 "can	 proliferate	 within	 the	 living	 epidermis"	 (Kampf	 and	 Kramer,	 2004).	 	 Only	
recently	 has	 the	 identification	 of	 two	 commensal	 viral	 groups,	 anelloviruses	 and	 GBV‐C,	
alerted	attention	to	the	likelihood	of	a	larger	human	virome	(Delwart,	2007).		The	degree	to	
which	other	viruses,	such	as	the	human	papillomavirus	and	the	Merkel	cell	polyomavirus	
are	 endogenous	 to	 the	 skin	microbiota,	 is	 yet	 to	 be	 fully	 determined	 (Singh	 et	 al,	 2009).		
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Viruses	 (e.g.	 hepatitis	 C	 virus,	 rhinovirus,	 adenovirus,	 and	 rotavirus)	 on	 the	 hands	 have	
been	detected,	however,	usually	as	a	result	of	transient	hand	carriage	due	to	contamination	
or	transmission	events	(Kampf	and	Kramer,	2004).		Currently,	these	viral	communities	are	
not	 considered	 part	 of	 the	 human	 skin	microbiota.	 	 The	mycological	 and	macroparasitic	
microbiota	of	healthy	human	skin	is	poorly	characterized	in	comparison	to	its	bacterial	and	
viral	counterparts,	probably	as	a	result	of	their	rarity	and	asymptomatic	nature	(Cogen	et	
al,	2007).	 	Most	 fungal	organisms	belong	to	 the	genus	Malassezia,	 formerly	known	as	 the	
yeast	 Pityrosporum	 (Paulino	 et	 al,	 2006).	 	 Mites,	 such	 as	Demodex	 folliculorum,	 are	 also	
"considered	part	of	the	normal"	microbiota	(Fredricks,	2001).		
	 The	presence	of	some	microorganisms	in	the	skin	microbiota	may	have	an	effect	on	
the	 growth	 of	 potential	 pathogens	 that	 may	 prompt	 various	 diseases,	 indicating	 the	
importance	 of	 interactions	 among	 species	 (McBride	 et	 al,	 1977;	 Selwyn,	 1975).	 	 For	
example,	 sealing	 certain	 skin	 abrasions	 with	 band‐aids	 or	 other	 hermetic	 barriers	 may	
promote	 an	 overgrowth	 of	 potentially	 pathogenic	 anaerobes,	 causing	 a	 detrimental	
alteration	of	 the	microbiota.	 	S.	aureus,	 once	 believed	 to	be	 a	 "transient	 colonizer	during	
abnormal	 conditions",	 is	 now	 known	 to	 be	 a	 resident	 bacterium	 that	 somehow	 turns	
pathogenic	 upon	 disturbance	 of	 the	 individual’s	 skin	 microbiota	 (Fredricks,	 2001;	
vanBelkum	et	al,	2009).	 	Our	growing	knowledge	of	skin	 immunogenetics	 in	the	past	 few	
years	 has	 improved	 our	 understanding	 of	 the	 interactions	 among	 commensal	 and	







sampling	 methods	 used	 to	 harvest	 the	 microorganisms.	 	 While	 swabbing	 is	 the	 most	
convenient	 and	 innocuous	 of	 the	 three,	 it	may	 not	 correctly	 estimate	 the	 true	microbial	
diversity	 across	 all	 the	 skin	 layers.	 	 In	 comparison,	 skin	 scraping	 picks	 up	 more	
microorganisms	per	sampled	area,	but	also	picks	up	more	skin	cells.		Punch	biopsying,	on	
the	 other	 hand,	 is	 thought	 to	 represent	 a	 more	 comprehensive	 microbiota	 since	 the	
technique	 samples	 across	 dermal	 layers	 (Grice	 et	 al,	 2008).	 	 However,	 it	 is	 the	 most	
invasive	and	covers	less	surface	area	in	comparison	to	other	methods.		Grice	and	colleagues	
have	 compared	 these	 sampling	 methods	 and	 concluded	 that	 all	 three	 yielded	 the	 same	
predominant	phylum	(i.e.	Proteobacteria),	and	shared	over	97%	of	all	bacterial	sequences;	
moreover,	all	three	methods	captured	very	similar	bacterial	community	memberships	and	
structures,	 as	 estimated	 by	 the	 high	 abundance‐based	 Jaccard	 and	 Theta	 (θ)	 similarity	
indices,	respectively	(Grice	et	al,	2008).		In	terms	of	transmission,	skin	surface	sampling	of	
the	 hands,	 either	 by	 inserting	 them	 in	 a	 plastic	 bag	 filled	 with	 buffer	 solution	 or	 by	
swabbing	 them,	 may	 be	 the	 most	 informative	 since	 microbial	 transmission	 by	 humans	
occurs	 mostly	 via	 direct	 contact	 with	 other	 individuals	 and/or	 environmental	 surfaces.		







	 What	 is	 known	about	human	microbiota	diversity	 also	depends	on	 the	 laboratory	
techniques	 (i.e.	 culture‐dependent	 and	 culture‐independent)	 used	 to	 characterize	 them.		
The	 classic	approach	 to	 identify	 and	quantify	microorganisms	 from	 the	environment	has	
been	 to	 culture	 and	 differentiate	 them	 based	 on	 physiological	 and	 biochemical	 tests	
(Davies	 et	 al,	 2001;	 Ogunseitan,	 2005).	 	 However,	 culture‐dependent	 methods	 do	 not	
accurately	 reflect	 the	 true	 bacterial	 community	 composition	 because	 of	 the	 selective	
properties	 of	 the	 growth	media	used.	 	 Culture‐dependent	 techniques	 are	 costly	 and	 take	
time	as	a	result	of	performing	the	necessary	 laboratory	tests.	 	After	several	passages,	 the	
microorganisms	under	study	may	even	behave	differently	functionally	and	physiologically.		
Additionally,	 some	microorganisms	will	 not	 grow	 in	 the	 absence	 of	 others	 that	 could	 be	
required	to	provide	optimal	oxygen,	pH,	and/or	osmotic	pressure	(Kaeberlein	et	al,	2002).	
	 Microbial	 cultivation	 in	 the	 laboratory	 poorly	 assess	 species	 composition	 and	
function	in	environmental	samples.		It	is	generally	assumed	that	"less	than	10%	of	existing	
microbial	diversity	 in	 [natural]	ecosystems	can	be	accounted	 for	by	cultivation"	methods	
(Ogunseitan,	 2005).	 	Dekio	 and	 colleagues	 took	 swab‐scrubbed	 forehead	 skin	 samples	of	
five	 healthy	 volunteers	 and	 analyzed	 their	 microbiota	 using	 a	 culture‐dependent	 and	 a	
culture‐independent	 method,	 providing	 a	 direct	 comparison	 of	 the	 two	 characterization	
methods	 (Dekio	 et	 al,	 2005).	 	 Analyses	 of	 16S	 rRNA	 gene	 sequences	 obtained	 from	 the	





	 Culture‐independent	 microbial	 DNA‐based	 approaches	 escape	 some	 of	 these	
limitations	(Ogunseitan,	2005;	Theron	and	Cloete,	2000).	 	Some	of	these	techniques,	each	
having	their	own	relative	strengths	and	limitations,	include:	16S	rDNA	sequencing,	PCR	and	
PCR‐related	 techniques,	 nucleic	 acid	 hybridization	 techniques,	 polymorphism‐based	
procedures,	 signature	 lipid	 biomarkers,	 protein	 profiles,	 and	 molecular	 microarray	
procedures.		All	bacteria	contain	the	16S	rRNA	gene,	which	encodes	the	small	subunit	of	the	
RNA	 of	 the	 ribosome	 (i.e.	 the	 protein	 manufacturing	 machinery	 of	 all	 living	 cells).	 	 It	
encompasses	highly	conserved	sequence	domains	interspersed	with	more	variable	regions.		
Identification	 of	 bacteria	 commonly	 uses	 the	 16S	 rDNA	 sequence:	 conserved	 regions	
classify	higher	taxa,	and	variable	regions	differentiate	between	species.		Different	variable	
regions	(V1‐V9)	of	the	16S	rRNA	gene	are	targeted	in	different	studies	of	the	human	skin	
microbiome,	 such	 as	 the	 V2	 variable	 region	 (Costello	 et	 al,	 2009;	Dominguez‐Bello	 et	 al,	
2010;	Fierer	et	al,	2008;	Fierer	et	al,	2010)	and	the	V1‐V3	region	(Dekio	et	al,	2005l	Dekio	
et	 al,	 2007).	 	 To	 date,	 there	 is	 no	 consensus	 of	 optimal	 variable	 region(s)	 to	 target	 for	
taxonomic	 assignment	 purposes	 at	 the	 genus	 level	 or	 below.	 	 Despite	 the	 fact	 that	
commonly	 used	 primers	 targeting	 these	 regions	 match	 most	 of	 the	 sequences	 in	 most	
databases,	 primer	 biases	 may	 still	 occur	 where	 certain	 phylotypes	 are	 missed,	 thereby	
generating	biased	community	profiles	(Hamady	and	Knight,	2009).	
	 Though	 these	 robust	 techniques	 offer	 a	 much	 higher	 resolution	 to	 the	






and	 thus	 require	 specific	 and	 well‐designed	 primers,	 appropriate	 nucleic	 acid	 starting	
quantities,	 and	 potential	 PCR	 elongation	 time	 troubleshooting.	 	 Another	 significant	
limitation	 to	 using	 culture‐independent	 approaches	 is	 the	 inability	 of	 the	 techniques	 to	
identify	 viable	microorganisms	 from	 samples,	 leaving	 unexplained	whether	 the	 diversity	
obtained	reflects	true	transients	or	residents	of	the	skin,	or	whether	they	were	simply	dead	
contaminants	retained	on	the	skin.			
	 The	 viral	 portion	 of	 the	 human	 metagenome,	 the	 virome,	 is	 more	 poorly	
characterized	 than	 the	 bacterial	 portion.	 	 Culture‐based	 approaches	 suffer	 from	 the	






	 Temporal	 patterns	 of	 microbial	 community	 structure	 can	 be	 extremely	 dynamic.		
Species	 composition	 can	 vary	 from	 one	 time	 point	 to	 another,	 with	 irregular	 cycles.		
Understanding	 these	 patterns	 is	 important	 for	 investigating	 associations	 between	 the	
human	 microbiome	 variability	 and	 health	 and	 disease,	 and	 ultimately,	 for	 determining	
whether	a	core	human	microbiome	exists.	 	 Identifying	a	core	microbiome	for	human	skin	
would	 assist	 clinical	 applications,	 as	 diagnostic	 or	 prognostic	 factors	 may	 depend	 on	







	 To	 date,	 studies	 that	 have	 characterized	 the	microbial	 profile	 of	 the	 skin	 through	
time,	rarely	involve	more	than	a	handful	of	intervals	(Table	1).		Overall,	despite	the	fact	that	
the	 time	 variation	 ranged	 from	 a	 couple	 hours	 to	 ten	months	 in	 these	 studies,	 the	 skin	
microbiota	was	 found	 to	 be	 relatively	 stable.	 	 However,	 these	 studies	 are	 not	 consistent	
with	 each	 other	 regarding	 the	 health	 of	 individuals	 sampled	 (e.g.	 healthy,	 psoriasis	
patients,	dermatitis	patients),	 the	skin	site	sampled	(e.g.	 facial	skin,	palmar	surfaces),	 the	
sampling	 method	 (e.g.	 swab,	 scrape,	 scrub‐swab),	 and	 the	 method	 of	 detection	 (e.g.	
pyrosequencing,	RFLP	analysis,	clone	libraries)	used	to	characterize	their	microbiota.		Any	
conclusions	 about	 the	 diversity	 and/or	 stability	 of	 microbial	 communities	 are	 highly	
dependent	 on	 these	 sampling	 issues	 as	 well	 as	 the	 taxonomic	 level	 analyzed.	 	 The	
inconsistencies	 between	 skin	 microbiota	 studies	 make	 it	 difficult	 to	 generalize	 results	
regarding	temporal	and	spatial	dynamics	of	human	skin	microbial	communities.	
	 To	 obtain	 a	 complete	 understanding	 of	 the	 temporal	 dynamics	 of	 the	 skin	
microbiota,	 it	 is	 necessary	 to	 capture	 the	 community	 structure	 at	 several	 time	 points.		
Figure	 2‐2	 illustrates	 the	 difficulty	 in	 determining	 this	 dynamic	 profile.	 	 Panels	 A	 and	 B	
show	how	sampling	(represented	by	 the	stars)	at	 two	or	 three	different	 time	points	may	
not	represent	the	true	variability	(represented	by	the	curves)	of	the	microbiota	within	an	




in	 time	 (B).	 	 In	 reality,	 the	 full	 scope	 of	 the	 variability	within	 an	 individual	 can	 only	 be	
determined	 when	 sampling	 is	 done	 at	 sufficient	 time	 points	 (Panel	 C).	 	 Only	 then,	 is	 it	







microbial	 communities	 cluster	 first	 by	 body	 site,	 followed	 by	 individuals	 then	 time		
(Costello	et	al,	2009).			
	 To	 understand	 the	 dynamics	 of	 the	 microbial	 community	 structure	 processes,	
researchers	 examine	 the	 human	 microbiota	 over	 time	 and	 space,	 and	 the	
interconnectedness	 within	 and	 between	 individual	 hosts,	 respectively	 (Foxman	 et	 al,	
2008).	 	Skin	microbial	communities	have	been	shown	to	display	specific	spatial	patterns,	
with	similar	communities	grouping	together	at	 left	and	right	sides	of	the	body,	at	regions	
close	 to	 the	 head,	 and	 at	 regions	 close	 to	 the	 arms	 (Costello	 et	 al,	 2009).	 	 It	 has	 been	
suggested	 that,	 in	 general,	 skin	 sites	 in	 closer	 proximity	 appear	 to	 contain	more	 similar	




While	 many	 studies	 tend	 to	 emphasize	 spatial	 and	 temporal	 distribution	 patterns	 of	
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microorganisms	 in	 a	 specified	 ecosystem,	 further	 explanations	 of	 how	 and	 why	 such	
patterns	arise	are	still	largely	missing.		Human	skin	microbiota	diversity	is	thought	to	arise	
via	 the	many	 factors	 depicted	 in	 Figure	 2‐1	 and	 explored	 below.	 	 It	 remains	 to	 be	 seen	




	 Studies	 that	 have	 examined	 transmission	 of	 skin	 microorganisms	 often	 focus	
specifically	on	pathogenic	microorganisms	for	the	purpose	of	preventing	infectious	disease	
transmission,	 especially	 in	 healthcare	 settings.	 	 Unfortunately,	 few	 studies	 describe	
transmission	 of	 non‐pathogenic	 microorganisms	 among	 healthy	 (and	 non‐healthy)	
individuals.	 	 Additionally,	 the	 issues	 of	 whether	 there	 may	 be	 mutualistic	 relationships	
between	 pathogenic	 and	 commensal	 microorganisms	 that	 enhance	 transmission,	 or	
antagonistic	 relationships	 that	 minimize	 acquisition	 have	 not	 been	 fully	 assessed.	 	 As	
shown	 in	 Figure	 2‐1,	 the	 role	 of	 transmission	 in	 influencing	 the	 microbial	 community	
structure	of	resident	human	skin	microbiota	is	very	important.			
	 Inter‐species	 interactions	 can	 greatly	 influence	 the	 presence	 of	 microorganisms	
within	a	community.		In	the	skin,	for	instance,	P.	acnes	and	S.	aureus	have	been	implicated	
in	 working	 synergistically	 to	 increasingly	 make	 worse	 skin	 lesions	 caused	 by	 one	
bacterium	alone	(Lo	et	al,	2010).		Antagonistic	interactions	also	occur,	due	to	competition	




Esp	 (Iwase	 et	 al,	 2010)	 secreted	 by	 S.	 epidermidis,	 and	 possibly	 regulated	 by	 its	 agr	
pheromones	 (Otto	 et	 al,	 2001).	 	 As	 discussed	 in	 detail	 by	 Chiller	 and	 colleagues,	
"bacteriocin	 and	 toxic	 metabolite	 production,	 induction	 of	 low	 reduction‐oxidation	
potential,	nutrient	depletion,	and	inhibition	of	adherence	and	translocation"	are	just	a	few	
of	 the	mechanisms	 used	 by	 bacteria	 that	 allow	 them	 to	 interact	 in	 the	 same	 community	
(Chiller	 et	 al,	 2001).	 	 For	 example,	 bacteriocins,	 which	 are	 toxins	 produced	 by	 certain	
bacteria	 (e.g.	 lactobacilli,	 propionibacteria),	 are	 able	 to	 inhibit	 the	 growth	 of	 other,	
potentiallymore	 pathogenic	 bacteria	 (e.g.	 staphylococci)	 (Klaenhammer,	 1993;	 Oh	 et	 al,	
2006).	 	 Among	 those	 with	 damaged	 skin,	 certain	 bacteriocin	 producers	 proliferate	 and	
dominate	 the	bacterial	community	(Roth	and	 James,	1988).	 	Novel	bacteriocins	are	being	
identified	 at	 a	 growing	 pace	 (Martin‐Visscher	 et	 al,	 2008;	 Sawa	 et	 al,	 2009;	 Tiwari	 and	
Srivastava,	2008).		The	bacteriocin	nisin,	from	Lactococcus	lactis,	has	been	shown	to	reduce	
the	 clinical	 signs	 of	 mastitis,	 which	 is	 generally	 caused	 by	 a	 Staphylococcal	 infection	




water	 droplets	 found	 in	 the	 environment	 introduces	 transient	microorganisms	 that	may	
have	 the	 potential	 to	 alter	 the	 dynamics	 between	 resident	 microorganisms	 of	 the	 skin	
microbiota.	Moreover,	movement	patterns	of	daily	living	may	have	an	effect	on	microbiota,	
in	 its	 ability	 to	 enhance	 transmission	 probabilities.	 	 For	 instance,	 the	 number	 of	 people	
living	 in	 close	 contact	with	 an	 individual	 and	 their	 networking	 patterns,	 the	 individual’s	
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host's	 hormonal	 status,	 age,	 gender,	 and	 ethnicity	 (Figure	 2‐1)	 (Fierer	 et	 al,	 2008;	
Fredricks,	 2001;	 Grice	 et	 al,	 2009;	 Roth	 and	 James,	 1988).	 	 In	 terms	 of	 skin	 conditions,	
overall	the	skin	is	cooler	than	core	body	temperature,	and	has	a	pH	around	5,	although	it	











of	 their	 hands	may	 be	 that	 they	 likely	 have	more	 contact	with	 children,	who	 commonly	
experience	a	high	burden	of	common	infectious	diseases.		Also,	women	may	be	more	likely	
to	 use	 cosmetics,	 thereby	 altering	 the	 microbial	 community	 structure	 of	 their	 skin.	 	 A	
survey	 looking	 at	 potential	 associations	 between	 demographic	 information	 of	 neonatal	




of	 skin	health"	 (Sultana	et	al,	2003).	 	The	authors	note,	however,	 the	 limited	variation	 in	
age	among	the	nurses	surveyed.	
Host	Genetics	
	 Apart	 from	 skin's	 structural	 cell	 layers	 and	 synthesis	 of	 molecules	 that	 influence	




produces	 cytokines,	 chemokines,	 β‐defensins,	 Rnase7,	 and	 other	 antimicrobial	 peptides	
(Pivarcsi	 et	 al,	 2005).	 	 The	 skin‐associated	 lymphoid	 tissue	 (SALT)	 has	 the	 ability	 to	
produce	 and	 secrete	 immunoglobulins,	 present	 antigens	 and	 activate	 T‐cells,	 which	 can	
affect	 the	 composition	 of	 the	microbial	 communities.	 	 Conversely,	 certain	 skin	microbial	
residents	 are	 known	 to	 affect	 the	 host	 immune	 system.	 	 For	 instance,	 S.	epidermidis	 has	
recently	 been	 shown	 to	 upregulate	 the	 expression	 of	 antimicrobial	 peptides	 in	
keratinocytes	 (Wanke	 et	 al,	 2010).	 	 Immunogenetic	 components	 of	 the	 skin,	 such	 as	 the	
human	leukocyte	antigen	(HLA)	gene	cluster,	are	shown	to	have	associations	with	certain	
skin	 diseases,	 such	 as	 psoriasis	 (Bowcock	 and	 Woodson,	 2004)	 and	 ashy	 dermatosis	
(Correa	et	al,	2007).		It	remains	to	be	shown	whether	such	associations	are	mediated	by	the	
microbial	communities	of	the	skin	(Figure	2‐1).	
	 While	 genome‐wide	association	 studies	 (GWAS)	have	 successfully	 identified	many	




now	 emerging,	 owing	 in	 part	 to	 rapid	 advancements	 in	 sequencing	 technologies	 and	
bioinformatics.	 	 Commonly	 measured	 genetic	 variants	 include	 single	 nucleotide	
polymorphisms	 (SNP),	 non‐SNP	 variants,	 and	 insertion‐deletions	 (INDEL).	 	 Using	 a	 large	
murine	intercross	population,	Benson	and	colleagues	were	able	to	show	that	host	genotype	
does	 indeed	 explain	 some	 of	 the	 variation	 in	 the	 gut	 microbiota,	 controlling	 for	
environmental	 factors	 (Benson	 et	 al,	 2010).	 	 Another	 murine	 model	 study	 looked	 for	
associations	between	the	matriptase	genetic	variant,	which	led	to	filaggrin	deficiency	and	
atopic	dermatitis	phenotype,	and	skin	microbiota	(Scharschmidt	et	al,	2009).		Scharschmidt	
and	 colleagues	were	 able	 to	 show	a	 significant	 alteration	 in	 the	 skin	microbiota	 of	 these	




practices	 (e.g.	personal,	domestic),	 and	use	of	 cosmetics	 (e.g.	 creams,	 lotions,	 emollients)	
have	all	been	reported	as	having	the	ability	to	alter	the	microbial	community	structure	of	
the	skin	(Figure	2‐1)	(Fierer	et	al,	2008;	Fredricks,	2001;	Grice	et	al,	2009;	Larson,	2001;	
Larson	et	al,	2002;	Roth	and	 James,	1988).	 	Other	behavioral	 characteristics	 such	as	diet	
and	nutrition,	 sun	exposure,	 and	 smoking,	 are	 all	 considered	 contributing	 factors	 to	 skin	








to	 be	 transmitted	 from	 one	 person	 to	 another.	 	 Despite	 the	 multitude	 of	 studies	





such	 impacts	 have	 already	 been	 metaphorically	 equated	 to	 the	 disturbance	 caused	 by	
"hurricanes"	 and	 "forest	 wildfires"	 (Fredricks,	 2001;	 Marris,	 2009).	 	 Most	 reports	 of	
resulting	microbial	structure	alterations	rely	on	total	bacterial	colony‐forming‐units	(CFU)	
in	an	attempt	 to	explain	disease	causality.	 	However,	 although	hand	washing	 is	meant	 to	
remove	transient	microorganisms	to	either	decrease	self‐inoculation	(why	we	wash	hands	
before	 eating)	 and/or	 transmission	 (why	 we	 wash	 hands	 after	 sneezing	 into	 them),	
researchers	do	not	necessarily	see	a	reduction	in	CFU	counts	after	hand	washing	(Aiello	et	
al,	 2003).	 	 This	 may	 be	 a	 consequence	 of	 a	 microbial	 community	 structure	 disturbance	
whereby	 shedding	 of	 the	 skin	 reveals	 another	 layer	 of	 resident	 microorganisms.		
Realistically,	 diseases	occur	not	 just	with	 an	 increase	 in	bacterial	 loads,	 but	 also	with	 an	
alteration	 in	 the	 microbiota	 of	 the	 individual	 and	 the	 resulting	 interaction	 with	 host	




capacity	 of	 the	 stratum	 corneum	 (i.e.	 the	 electrical	 properties	 of	 the	 skin),	 lipids,	
transepidermal	 water	 loss,	 and	 pH,	 which	 could	 consequently	 affect	 the	 microbial	
community	 structure	 (Larson,	2001).	 	Hand	washing	 can	be	 seen	as	a	disturbance	 to	 the	
microbial	 community	 structure,	 possibly	 perturbing	 the	 existing	 trade‐off	 between	 its	
microbial	colonizers	and	competitors.	
	 Individuals	 differ	 widely	 in	 their	 behavioral	 habits,	 which	 may	 have	 potentially	
meaningful	 consequences	 in	 altering	 the	 skin	microbiota.	 	 Just	 in	 terms	 of	 hand	 hygiene	
alone,	 the	 frequency	 and	 duration	 of	 washes	 and	 type	 of	 soap	 product	 use	 (plain	 soap,	
antimicrobial	 soap,	 and/or	 alcohol	 sanitizers),	 can	 account	 for	 some	 of	 the	 variation	 in	
microbial	community	structure	between	individuals	
Environmental	Characteristics	









2006).	 	 Moreover,	 ultraviolet	 B	 (UVB)	 radiation,	 known	 to	 impact	 skin	 conditions,	 was	
observed	 to	 have	 disparate	 microbicidal	 effects	 on	 the	 skin	 microbiota	 (Dotterud	 et	 al,	
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2008).	 	 In	particular,	S.	aureus	 appeared	 to	 be	more	 sensitive	 to	 the	 radiation	 treatment	
than	S.	epidermidis.	
	 Individuals	are	constantly	being	exposed	to	the	microbial	fluctuations	of	the	indoor	
environment	 (Rintala	 et	 al,	 2008).	 	 In	 addition,	 individuals	 differ	 widely	 in	 their	
occupational	exposures	(e.g.	nurses,	gardeners,	teachers),	which	may	also	account	for	the	
variation	 between	 the	 community	 structures	 of	 their	 skin	 microbiota.	 	 For	 example,	




environment	 (e.g.	 door	 handles,	 kitchen	 surfaces)	 surrounding	 the	 individual	 may	 be	
"reservoirs"	 for	microbial	 colonization	 (Kagan	et	al,	2002).	 	Even	house	dust	has	 its	own	
characteristic	 microbial	 composition	 (Maier	 et	 al,	 2010;	 Rintala	 et	 al,	 2008).	 	 Microbial	
communities	within	showerhead	biofilms	across	 the	United	States	were	 found	 to	contain	
opportunistic	 human	 pathogens	 (Feazal	 et	 al,	 2009).	 	 These	 potential	 reservoirs	 likely	
increase	the	risk	of	microbial	transmission,	and	thus	the	opportunity	for	disease.		Concerns	
about	 the	 impact	 of	 environmental	 determinants	 of	 health	 are	 important,	 but	 their	
influence	 in	 altering	 the	 microbial	 community	 structure	 of	 skin	 microbiota,	 thereby	
resulting	 in	 adverse	 health	 outcomes,	 has	 not	 been	 sufficiently	 investigated.	 	 The	 fact	
remains	 that	 not	 much	 is	 known	 about	 the	 microbial	 composition	 of	 environmental	





	 Underlying	 biological	 mechanisms	 explaining	 why	 an	 altered	 skin	 microbiota	
diversity	 may	 result	 in	 disease,	 thus	 explaining	 the	 arrow	 from	 ‘species	 diversity	 /	
microbial	 community	 structure’	 to	 ‘health	outcomes’	 in	Figure	2‐1,	 include	 inflammation,	
absence	 of	 necessary	members	 of	 the	microbial	 community,	 and	 a	 decrease	 in	microbial	
antagonistic	 interactions	 (Stecher	 and	 Hardt,	 2008).	 	 Other	 possible	 mechanisms	 may	
consist	 of	 modifications	 to	 normal	 microbial	 signal	 transduction	 and	 quorum‐sensing,	
resulting	in	cascades	that	may	lead	to	damaging	cellular	changes	in	the	host.		Lateral	gene	






events	 are	 all	 mediated	 by	 the	 resident	 skin	 microbial	 community	 structure	 of	 the	
individual.	 	 It	 is	what	happens	 to	 that	microbial	 diversity	 that	 governs	whether	or	not	 a	
host	immune	response	is	elicited,	thereby	establishing	disease.	 	In	demonstrating	that	the	
skin	microbiota	 is	responsible	 for	controlling	cutaneous	 inflammatory	responses,	 thereby	
protecting	 the	host	 from	unintended	 inflammatory	diseases,	 Lai	 and	 colleagues	provided	




	 The	 microbial	 diversity	 present	 in	 and	 on	 humans	 is	 associated	 with	 several	
infectious	 and	 non‐communicable	 diseases.	 	 Changes	 in	 resident	microbial	 communities	
have	been	shown	to	be	associated	with	skin	conditions	such	as	acne,	atopic	dermatitis,	and	
psoriasis	(Bek‐Thomsen	et	al,	2008;	Dekio	et	al,	2007;	Gao	et	al,	2008).		Even	more	broadly,	
The	 Human	 Microbiome	 Project	 has	 inspired	 exciting	 new	 studies	 demonstrating	 how	
changes	 in	 resident	 microbial	 communities	 play	 a	 role	 in	 disease,	 including	 antibiotic‐
associated	 diarrhea,	 bacterial	 vaginosis,	 human	 immunodeficiency	 virus,	 obesity	 and	
cardiovascular	disease	(Oakley	et	al,	2008;	Ordovas	and	Mooser,	2006;	Othman	et	al,	2008;	
Price	et	al,	2010;	Young	et	al,	2008).		Insights	into	the	effects	of	resident	microbial	diversity	




	 Describing	 associations	 between	 the	microbial	 community	 structure	 found	 on	 the	
skin	and	the	health	outcomes	of	individuals	requires	an	integrative	approach	across	several	
disciplines.	 	 Studying	 the	 human	 microbiota	 involves	 the	 fields	 of	 microbial	 ecology,	
population	biology	and	microbiology.		Further	linking	the	skin	microbiota	to	individual	and	






	 Without	 an	 understanding	 of	 the	 normal	 range	 of	 microbial	 diversity	 within	 and	
between	 individual	hosts,	 it	 is	difficult	 to	relate	microbiota	composition	 to	disease	status	
(Mai	 and	Draganov,	 2009).	 	 Further	 complication	 arises	 from	 recognizing	 that	microbial	
diversity	 involves	 many	 levels:	 the	 microbial	 level	 (individual	 microbes	 as	 well	 as	
populations	 and	 communities	 of	 microbes),	 the	 individual	 level	 (host	 factors),	 and	 the	
human	 population	 level.	 	 Despite	 a	 number	 of	 ecological	 studies	 that	 assess	 population‐
level	 risk	 factors	 for	 disease,	 most	 epidemiological	 studies	 have	 traditionally	 looked	 at	
individual‐level	risk	factors	(Diez	Roux	and	Aiello,	2005).		Recently,	however,	it	has	become	
more	 apparent	 that	 focusing	 on	 the	 individual	 level	 does	 not	 account	 for	 other	 equally	
important	 health	 determinants	 such	 as	 the	 influence	 of	 social	 norms	 (a	 population	 level	
factor),	like	hygiene	practices,	on	disease	risk	(Larson	et	al,	2004).	
	 In	any	attempt	to	infer	a	causal	association	between	human	microbiota	and	disease,	
it	 is	 necessary	 to	 determine	 the	 risk	 of	 developing	 disease	 given	 the	 present	 microbial	
community	on	a	host	population.	 	Therefore,	another	challenge,	one	effectively	explained	
by	Mai	and	Draganov,	 is	 the	need	 for	 longitudinal	 studies	with	enough	power	 to	 identify	
microbiota	 differences	 between	 groups	 despite	 the	 large	 variation	 that	 is	 likely	 to	 be	
observed	within	groups	(Mai	and	Draganov,	2009).	
Implications	for	Health	
	 In	 this	 review,	we	 have	 shown	 that	 skin,	 the	 largest	 organ	 of	 the	 human	 body,	 is	
normally	 colonized	 by	 a	 diverse	 community	 of	 microorganisms,	 some	 of	 which	 are	
potentially	 pathogenic	 under	 certain	 conditions.	 	 It	 is	 the	 continuing	 inter‐	 and	 intra‐




community	 interactions	 are	 altered,	 certain	 microorganisms	 may	 become	 more	 easily	
dispersed	 and	 thus	 be	more	 readily	 transmitted	 to	 another	 person	 or	 even	 oneself	 (i.e.	
autoinfection).	 	 Additionally,	 keeping	 the	 skin	 microbiota	 in	 check	 may	 allow	 the	 host	
immunity	 to	 be	 continually	 primed,	 so	 that	 in	 the	 event	 of	 disease	 onset,	 it	 is	 better	
equipped	at	controlling	its	progression.	
	 We	have	also	shown	that	 the	microbial	 community	structure	of	 the	human	skin	 is	
continuously	 influenced	by	microorganism	dispersal,	 host	 behavioral	 characteristics,	 and	
the	 environment.	 	 These	 driving	 factors	 may	 lead	 to	 significant	 and	 potentially	 harmful	
alterations	of	the	skin	microbiota.		The	implication	is	that	by	manipulating	the	human	skin	
microbiota	 community	 structure	 via	 its	modifiable	 transmission‐related,	 behavioral,	 and	
environmental	 pathways	 (Figure	 2‐1),	 disease	 could	 potentially	 be	 prevented	 or	 treated,	
especially	given	the	recent	advances	in	molecular	technology.	 	The	most	obvious	example	
lies	 in	 the	 use	 of	 oral	 and	 topical	 probiotics,	 intended	 to	 limit	 the	 growth	 of	 pathogenic	
microorganisms	 while	 enhancing	 commensal	 ones	 (Krutmann,	 2009;	 Ouwehand	 et	 al,	
2003).	 	 Clinically,	 controlling	 the	 microbial	 community	 structure	 of	 the	 skin	 has	 the	
potential	 to	 decrease	 the	 rejection	 of	 viable	 skin	 grafts	 between	 individuals,	 as	 well	 as	
between	different	body	locations	within	the	same	individual.	
	 Identifying	 specific	 microbial	 community	 structure	 patterns	 of	 the	 human	 skin	
microbiota	 associated	with	disease	will	 identify	new	potential	 intervention	measures	 for	





	 Given	 the	 recent	 interest	 and	 technological	 advances	 in	 characterizing	 the	 human	
skin	 microbiota,	 it	 is	 important	 to	 learn	 whether	 certain	 diversity	 patterns	 or	 species	
composition	 of	 human	microbiota	 are	 predictive	 or	 diagnostic	 of	 disease.	 	 A	 conceptual	
framework	 for	 understanding	 the	 interactions	 between	 skin	microbiota,	 the	 human	 host	
and	the	environment	is	presented	here	in	order	to	organize	what	host,	dispersal,	behavior,	
and	 environmental	 factors,	 or	 combination	 thereof,	 have	 the	 potential	 to	 drive	 the	












































































































































	 We	 assess	 the	 dynamics	 of	 skin	microbial	 community	 structure	 of	 34	 health	 care	
workers	from	a	single	surgical	intensive	care	unit	over	a	short	(3	week)	time	period,	whilst	
taking	into	account	the	variability	introduced	by	specimen	collection,	DNA	extraction,	and	
sequencing.	 	 Sample	 collection	 took	 place	 at	 3	 different	 time	 points.	 	 Only	 sampling	
collection	method	appeared	 to	have	a	 significant	 impact	on	 the	 observed	hand	microbial	
community	structure	among	the	healthcare	workers.	 	Analysis	of	samples	collected	using	
glove	 juice	 showed	 	 hands	 within	 individuals	 were	 slightly	 more	 similar	 in	 microbial	









	 The	human	skin	 is	made	up	of	dermal	 layers,	hairs,	nerves,	glands,	and	a	complex	




of	 the	 skin	 microbiota.	 	 However,	 obtaining	 an	 accurate	 profile	 of	 the	 skin	 microbiota	
requires	 an	 assessment	 of	 the	 variation	 in	 biological	 patterns	 between	 individuals	 and	
within	 individuals	over	time.	 	This	 is	challenging	because	true	biological	variation	can	be	
obscured	 by	 technical	 variation	 due	 to	 (i)	 specimen	 collection	 technique,	 (ii)	 DNA	
extraction	methods,	and	(iii)	sequencing.	





individuals	 over	 several	 months:	 the	 phylotypes	 present	 on	 each	 hand	 were	 not	
significantly	 correlated	 (at	 the	 species	 level)	 (Caporaso	 et	 al,	 2011).	 	 However,	 despite	
recognizing	that	the	way	in	which	skin	samples	are	collected	can	impact	the	diversity	of	the	
microbiota	(Grice	et	al,	2008),	that	DNA	is	more	easily	extracted	from	gram	negative	than	
gram	positive	 cells	 (Salazar	 and	Oriana,	 2007),	 and	 that	 sequencing	 introduces	 errors	 in	
terms	 of	 obtaining	 an	 accurate	 profile	 (Schloss	 et	 al,	 2011),	 to	 our	 knowledge,	 no	






	 Understanding	 the	 biological	 variability	 of	 the	 skin	 microbiome	 of	 the	 hands	 of	
HCWs	is	particularly	important	for	gaining	insight	into	the	role	of	microbiota	in	pathogen	
resistance	 and	 susceptibility,	 and	 the	 potential	 for	 transmission	 to	 others,	 which	 occurs	
among	HCWs	despite	their	generally	elevated	hand	hygiene	efforts.		In	this	study,	we	assess	
the	 dynamics	 of	 skin	microbial	 community	 structure	 of	 34	HCWs	 at	 a	 surgical	 intensive	
care	 unit	 over	 a	 short	 (3	 week)	 time	 period,	 whilst	 taking	 into	 account	 the	 variability	
introduced	by	 specimen	 collection	 techniques,	DNA	 extraction	methods,	 and	 sequencing.	




	 Healthcare	 workers	 were	 recruited	 from	 the	 University	 of	 Michigan	 Hospital	
Surgical	 Intensive	Care	Unit	 (SICU).	 	This	 is	 a	20‐bed	critical	 care	unit	 that	 specializes	 in	
patient	recovery	after	major	post‐operative	procedures	(e.g.	transplants,	aneurysm	repairs,	
resections,	 vascular	 endarterectomies,	 and	 amputations)	 or	 those	 requiring	 extensive	
physiological	monitoring.		The	SICU	also	accommodates	patients	from	other	surgical	units	
(trauma‐burn,	 neurosurgery,	 medical,	 and	 cardiovascular).	 	 To	 qualify	 for	 inclusion,	













solution	 (20	 mM	 Tris	 pH	 8,	 2	 mM	 EDTA,	 and	 1.2%	 Triton	 X‐100)	 were	 collected	 and	
analyzed	for	each	sampling.		The	palm,	fingertip	surfaces,	and	in‐between	the	fingers	of	the	
participant's	dominant	hand	were	swabbed	using	sterile	cotton‐tipped	swabs	soaked	in	the	
buffer	solution.	 	Swabbing	was	performed	 in	two	perpendicular	directions	to	ensure	 that	
the	maximum	surface	 area	was	 represented	 in	 the	 sample.	 	 Immediately	 after	 swabbing,	
the	 participant's	 dominant	 hand	was	 inserted	 into	 a	 sterile,	 polyethylene	 bag	 containing	
50ml	buffer	solution	(0.07	M	PBS,	0.1%	Tween‐80)	and	massaged	through	the	wall	of	the	




enzyme	 cocktail	 (mutanolysin	 @	 160U/ml,	 Rnase	 A	 @	 0.07mg/ml,	 lysostaphin	 @	 0.16	
mg/ml,	 and	 lysozyme	 @	 7mg/ml)	 for	 30	 minutes	 at	 37°C.	 	 A	 subset	 of	 ten	 glove‐juice	
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samples	 from	the	 first	 collection	visit	were	 lysed	using	only	 lysozyme	@	20	mg/mL	(per	
manufacturer's	 recommendations)	 for	 30	 minutes	 at	 37°C.	 	 The	 standard	 protocol	 for	
lysing	 gram‐positive	 bacterial	 cell	 lysates	 of	 the	 PureLink	 Genomic	 DNA	 kit	 (Invitrogen	
Corp.;	#K1820‐02)	was	followed	for	all	subsequent	steps,	with	an	additional	incubation	at	
95°C	 for	 2	 minutes,	 prior	 to	 the	 addition	 of	 96‐100%	 ethanol	 to	 the	 lysates.	 	 Purified	
genomic	DNA	were	re‐suspended	in	50	μl	of	PureLink	Genomic	Elution	Buffer	and	stored	at	
‐80°C	until	sent	for	sequencing.	
	 DNA	was	tested	for	PCR	competency,	using	the	following	procedure.			 The	 primers	
L‐V6	 (5'‐CAACGCGARGAACCTTACC‐3')	 and	 R‐V6	 (5'‐CAACACGAGCTGACGAC‐3')	 were	
chosen	 to	 amplify	 the	 V6	 hypervariable	 region	 of	 the	 16S	 rRNA	 gene	 (Hummelen	 et	 al,	
2011).		After	extraction,	1	uL	of	the	purified	genomic	DNA	was	used	as	template	for	a	25	uL	
PCR	 reaction	 on	 a	MyCycler	 Thermal	 Cycler	 (Bio‐Rad	 Laboratories,	 Inc.).	 	 The	 following	












	 The	 bacterial	 V6	 rRNA	 region	 was	 amplified	 with	 the	 left‐side	 primer	
CWACGCGARGAACCTTACC	 and	 the	 right‐side	 primer	 ACRACACGAGCTGACGAC.	 	 These	
primer	 sequences	 are	 exact	 matches	 to	 >95%	 of	 the	 rRNA	 sequences	 from	 organisms	
identified	in	the	human	microbiome	project	(GBG,	unpublished	observations).	The	left‐side	
primers	 contained	 the	 standard	 Ion	 Torrent	 (Ion	 Torrent	 Systems,	 Guilford,	 CT,	 USA)	
adapter	and	key	sequence	at	their	5′	end	(CCATCTCATCCCTGCGTGTCTCCGACTCAG).	 	The	
right‐side	 primer	 had	 the	 other	 standard	 Ion	 Torrent	 adapter	 sequence	
(CCTCTCTATGGGCAGTCGGTGAT)	attached	to	its	5′	end.	 	Amplification	was	performed	for	
25	 cycles	 in	 40	 μl	 using	 the	 colorless	 GO‐Taq	 hot	 start	master	mix	 (Promega;	 #M5133)	
according	 to	 the	 manufacturer's	 instructions	 with	 the	 following	 three‐step	 temperature	
profile:	95°C,	55°C	and	72°C	for	1	minute	each	step.		5	μl	of	the	resulting	amplification	were	
quantified	 using	 the	 QuBit	 broad‐range	 double‐stranded	 DNA	 fluorometric	 quantitation	
reagent	 (Invitrogen	 Corp.;	 #Q32854).	 	 Samples	 were	 pooled	 at	 approximately	 equal	
concentrations	and	purified	using	a	Wizard	PCR	Clean‐Up	Kit	(Promega;	#A9285).	
DNA	Sequencing	and	Sequence	Reads	Filtering	
	 Sequencing	 reactions	 were	 carried	 out	 on	 three	 Ion	 Torrent	 316	 platform	 chips,	
multiplexing	up	to	96	samples	per	run	using	the	200	bp	sequencing	reagent	kit.		Data	from	
all	 runs	were	 pooled.	 	 The	 sequence	was	 provided	 in	 fastq	 format.	 	 All	 sequences	were	






encompasses	 the	 predicted	 amplicon	 product	 size	 from	 all	 human‐associated	 bacterial	
organisms	that	have	been	cultured	and	sequenced	as	part	of	the	HMP.		Table	1	shows	the	
number	 of	 raw	 and	 filtered	 reads	 obtained	 from	 each	 run.	 	 Run	 number	 3	 had	 the	 least	




	 Between	46	 to	71%	of	 the	 reads	passed	 these	 filters;	 reads	not	passing	 the	 filters	
were	 not	 examined	 further.	 	 Reads	were	 processed	 as	 previously	 described	 (Gloor	 et	 al,	
2010)	 except	 that	 clustering	 with	 USEARCH	 was	 performed	 at	 97%	 identity.	 	 Chimera	
detection	was	performed	with	UCHIME	(version	v5.2.32)	using	the	de	novo	method	(Edgar	
et	 al,	 2011).	 	 Chimeric	 sequences	 in	 less	 than	 0.05%	 in	 any	 sample	 (see	 below)	 were	
discarded.		A	table	of	counts	for	sequences	grouped	at	100%	identical	sequence	unit	(ISU)	
identity	 level	were	 generated	 for	 each	 sample	 (Gloor	 et	 al,	 2010),	 keeping	 all	 sequences	











otherwise	 the	 classification	was	marked	 as	 undefined.	 	 The	 taxonomic	 classification	was	
added	 to	 the	sequence	count	 table	and	 the	data	were	presented	 in	 formats	 that	could	be	
accepted	by	QIIME	1.5.0	(Caporaso	et	al,	2010)	as	follows.	Sequence	alignments	were	built	




software	 package	 for	 comparison	 and	 analysis	 of	 microbial	 communities,	 was	 used	 to	
process	 data	 from	 the	 Ion	 Torrent	 sequence	 reads.	 	 Analyses	 included	 removal	 of	
chloroplast	 sequences	 to	 the	 development	 of	 heatmaps,	 taxonomic	 summaries	 of	
communities,	computing	of	alpha	diversities,	rarefaction	curves,	 jackknifed	bootstrapping	
of	 beta	 diversities,	 hierarchical	 clustering,	 principal	 coordinate	 analyses,	 distance	
histograms,	and	ANOSIM.	 Rarefied	 operational	 taxonomic	 unit	 (OTU)	 tables	 were	
generated	to	compute	measures	of	alpha	diversity.	 	Metrics	computed	were	Chao1,	which	
estimates	the	species	richness;	observed	species,	which	counts	the	number	of	unique	OTUs	
in	 a	 sample;	 Shannon	 index,	 which	 estimates	 the	 species	 diversity;	 and	 PD_whole_tree,	
which	 is	a	phylogenetic	distance	metric.	 	Rarefaction	curves,	 showing	 the	alpha	diversity	
versus	simulated	sequencing	effort,	were	generated.	
	 To	compare	the	bacterial	communities	between	groups,	beta	diversity	metrics	were	
calculated	 based	 on	 the	 UniFrac	 algorithm,	 which	 measures	 the	 community	 similarity	




not	 influence	 diversity	 estimates,	 the	 OTU	 tables	 were	 rarefied.	 	 Weighted	 UniFrac	
dissimilarity	 matrices	 of	 each	 comparison	 group	 formed	 the	 basis	 for	 the	 distance	
histograms,	 distance	 boxplots,	 principal	 coordinate	 analysis	 (PCoA),	 and	 hierarchical	
clustering.	 	 The	 distribution	 of	 distances	 (weighted	 UniFrac)	 within	 one	 group	 was	
displayed	in	a	histogram,	and	overlayed	with	the	distribution	of	distances	between	groups.		
Boxplots	comparing	distances	within	and	between	groups	were	generated	from	the	sets	of	
weighted	UniFrac	distance	matrices.	 	 Jackknife	bootstrapping	was	performed	 to	estimate	
the	 uncertainty	 in	 the	PCoA	plots,	 by	 first	 creating	distance	matrices	 off	 of	 rarefied	OTU	
tables,	 computing	principal	 coordinates	on	each	 rarefied	distance	matrix,	 and	 comparing	
principal	 coordinates	 plots	 from	 each	 rarefied	 distance	 matrix.	 	 Unweighted	 pair	 group	
method	with	 arithmetic	mean	 (UPGMA),	 a	 type	 of	 hierarchical	 clustering	 technique	 that	
uses	 average	 linkage,	 was	 done	 to	 determine	 whether	 any	 clustering	 was	 formed	 per	
comparison	 group.	 	 To	measure	 the	 robustness	 of	 this	 result	 to	 the	 sequencing	 effort,	 a	
jackknife	 bootstrapping	 analysis	 was	 performed	 where	 a	 smaller	 number	 of	 sequences	
were	chosen	at	random	from	each	sample	and	the	resulting	UPGMA	tree	from	this	subset	
was	compared	with	the	tree	representing	the	entire	data	set.	
	 Statistical	 comparisons	 using	 a	 paired	 t‐test	 were	 made	 using	 the	 first	 principal	
components	 of	 the	 PCoA	 plots	 to	 assess	 significant	 differences	 between	 the	 comparison	








variability	 introduced	 by	 sampling	 collection	 method,	 DNA	 extraction	 method,	 and	
sequencing	 [Figure	 3‐1].	 	 Thirty‐four	 HCWs	 (and	 negative	 controls)	 were	 sampled	 at	 3	
different	 time	 points	 by	 swab	 and	 glove‐juice,	 resulting	 in	 105	 specimens	 each	
[Supplemental	Materials].		A	negative	control	for	each	time	point	consisted	of	either	a	swab	
buffer	or	glove‐juice	buffer	alone.	 	DNA	from	all	samples	was	extracted	using	the	enzyme	





the	 several	 comparisons	 that	 follow.	 	 Moreover,	 all	 comparisons	 were	 made	 within	 the	





collected	 via	 swabs	 and	 immediately	 after,	 via	 glove‐juice,	 totaling	 102	 samples	 per	
collection	 method.	 	 Following	 DNA	 extraction,	 these	 were	 sent	 for	 sequencing.	 	 Initial	
analyses,	 such	 as	 alpha	 diversity,	 and	 bootstrapped	 UPGMA	 tree,	 suggested	 that	 the	




respectively	 (t=1.32,	 p=0.19).	 	 Further	 investigation,	 however,	 revealed	 some	 important	
differences.		These	included	a	histogram	comparing	weighted	UniFrac	distances,	and	PCoA	
plots	 performed	with	 jackknife	 bootstrapping	 [Supplemental	Materials].	 	 The	2D	 and	3D	
plots	of	the	PCoA	show	clear	clusters	per	sampling	collection	method	[Figure	3‐2].		ANOSIM	
results	 indicate	 a	 statistically	 significant	 difference	 between	 the	 two	 sampling	 collection	
method	 sets	 of	weighted	UniFrac	distance	matrices	 (R=‐0.2649,	 p<0.001)	 [Table	 3‐2].	 	 A	
scatterplot	 of	 the	 first	 principal	 component	 of	 the	 PCoA	 comparing	 both	 sampling	
collection	methods	 show	most	 coordinates	 falling	 to	 the	 right	of	 the	 expected	 line	 (y=x),	
indicating	 that	 the	 two	sets	are	not	equivalent	 (t=10.51,	p<0.001)	 [Figure	3‐3].	 	Boxplots	
show	 that	 the	 mean	 weighted	 UniFrac	 distance	 between	 the	 two	 sampling	 collection	
methods	 is	 higher	 than	 the	 mean	 weighted	 UniFrac	 distance	 within	 either	 of	 the	 two	
methods,	 indicating	 a	 meaningful	 difference	 between	 them	 [Figure	 3‐4].	 	 Moreover,	 the	




	 To	 test	 whether	 DNA	 extraction	 techniques	 influence	 microbial	 community	
structure,	 the	 DNA	 of	 the	 first	 10	 glove‐juice	 samples	 from	 the	 first	 visit	 was	 extracted	
using	 two	 slightly	 different	methods.	 	 One	method	 used	 lysozyme	 (20	mg/ml)	 only;	 the	
other,	 an	 enzyme	 cocktail	 comprising	 of	 mutanolysin	 (60U/ml),	 Rnase	 A	 (0.07mg/ml),	
lysostaphin	(0.16	mg/ml),	and	lysozyme	(7mg/ml).		Both	sets	were	sent	for	sequencing.		At	
first,	 differences	 between	 both	 DNA	 extraction	 techniques	 appeared	 to	 be	 meaningful.		
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While	 the	 relative	 phylum	 abundance	 appeared	 to	 vary	 similarly	 by	HCW,	 samples	with	
DNA	extracted	with	the	enzyme	cocktail	consisted	mostly	of	Proteobacteria,	whereas	those	
extracted	 with	 lysozyme	 only	 consisted	 mostly	 of	 Firmicutes	 [Supplemental	 Materials].		
Differences	were	also	noted	on	a	histogram	comparing	weighted	UniFrac	distances,	as	well	
as	on	a	bootstrapped	UPGMA	tree	[Supplemental	Materials].		Boxplots	show	that	the	mean	
weighted	UniFrac	distance	between	 the	 two	DNA	extraction	 techniques	 is	 slightly	higher	
than	the	mean	weighted	UniFrac	distance	within	either	of	the	two	techniques,	indicating	a	
meaningful	 difference	 between	 them	 [Figure	 3‐4].	 	 Additionally,	 the	 mean	 weighted	
UniFrac	 distance	 within	 the	 cocktail	 set	 was	 slightly	 higher	 than	 the	 mean	 weighted	
UniFrac	 distance	 within	 the	 lysozyme	 set,	 indicating	 a	 more	 variable	 community	
composition.		However,	further	analyses	suggest	there	may	not	be	significant	differences	in	
microbial	 community	 structure	 introduced	 by	 the	 different	 DNA	 extraction	 techniques.		
The	2D	and	3D	plots	of	the	PCoA	fail	to	show	clear	clusters	per	DNA	extraction	technique	
[Figure	 3‐2].	 	 ANOSIM	 results	 indicate	 no	 statistically	 significant	 difference	 between	 the	
DNA	extraction	technique	sets	of	weighted	UniFrac	distance	matrices	(R=0.0901,	p=0.067)	
[Table	 3‐2].	 	 Rarefaction	 curves	 of	 phylogenetic	 distance	 show	 that	 the	 average	 alpha	
diversity	 is	 equivalent	 for	 both	 extraction	 techniques;	 and,	 PCoA	 plots	 performed	 with	
jackknife	 bootstrapping	 do	 not	 show	 any	 clusters	 by	 DNA	 extraction	 technique	
[Supplemental	 Materials].	 	 A	 scatterplot	 of	 the	 first	 principal	 component	 of	 the	 PCoA	
comparing	 both	 DNA	 extraction	 techniques	 show	 most	 coordinates	 falling	 around	 the	









Other	 tests,	 including	 a	 histogram	 comparing	 weighted	 UniFrac	 distances,	 bootstrapped	
UPGMA	tree,	and	PCoA	plots	performed	with	jackknife	bootstrapping,	found	no	significant	
differences	 between	 the	 replicates	 [Supplemental	 Materials].	 	 A	 scatterplot	 of	 the	 first	
principal	 component	 of	 the	 PCoA	 comparing	 both	 replicate	 sets	 show	most	 coordinates	
falling	around	the	expected	line	(y=x),	 indicating	that	the	two	sets	are	equivalent	(t=0.36,	
p=0.7536)	 [Figure	 3‐3].	 	 ANOSIM	 results	 indicate	 no	 statistically	 significant	 difference	
between	the	two	replicate	sets	of	weighted	UniFrac	distance	matrices	(R=0.0122,	p=0.326)	
[Table	 3‐2].	 	 Boxplots	 show	 that	 weighted	 UniFrac	 distances	 within	 replicate	 sets	 were	
similar,	and	no	different	than	between	replicate	set	distances	[Figure	3‐4].	
Comparison	of	Between	Versus	Within	Healthcare	Worker	




between	HCWs	 is	 slightly	higher	 than	 the	mean	weighted	UniFrac	distance	within	HCWs	







UniFrac	 distances,	 is	more	 pronounced	 among	 the	 glove‐juice	 samples,	 where	 the	mean	
weighted	UniFrac	distance	between	HCWs	is	much	higher	than	within	HCWs	[Figure	3‐4].		
Furthermore,	 	PCoA	of	 the	HCWs	were	stratified	by	sampling	collection	method,	showing	
more	 clustering	 by	 HCW	 among	 the	 glove‐juice	 samples,	 indicating	 that	 HCWs'	 hand	
microbiota	are	more	similar	to	their	own	hands	over	time	than	to	other	HCWs	at	the	same	
time	 [Figure	 3‐5].	 	 A	 two‐sample	 t	 test	 comparing	 weighted	 UniFrac	 distances	 within	
versus	 between	 HCWs,	 found	 a	 significant	 difference	 among	 the	 samples	 collected	 via	
glove‐juice	(t=5.35,	p‐value	<0.0001)	but	not	swabs	(t=1.43,	p‐value	=0.1516).	
Discussion	
	 Analysis	 of	 the	 microbiome	 of	 34	 HCWs	 tested	 weekly	 over	 3	 weeks	 showed	
variability	 between	 and	within	 HCWs	 that	 could	 not	 be	 attributed	 to	 technical	 variation	
introduced	by	sampling	collection	method,	DNA	extraction	technique,	and	sequencing.		Our	
key	 findings	 are	 these.	 	 First,	 using	 swab	 samples	HCWs'	hands	were	 likely	 as	 similar	 in	
microbial	composition	to	themselves	as	they	were	to	the	hands	of	other	HCWs	in	the	study.		
However,	using	samples	from	glove‐juice,	microbiota	was	slightly	more	similar	within	HCW	










gathered	from	their	patients.	 	 It	 is	 infection	control	policy	to	perform	hand	hygiene	upon	
leaving	 a	 patient's	 room.	 	 The	 increased	 similarity	 between	 glove‐juice	 samples	within	 a	
HCW	 may	 reflect	 the	 larger	 surface	 area	 surveyed	 providing	 more	 opportunities	 for	
differences	between	individuals	to	arise.		Ours	is	the	first	study,	to	our	knowledge,	that	has	
compared	 two	different	methods	 that	 have	 been	 used	 in	 the	 hand	 hygiene	 literature	 for	
identifying	 bacterial	 counts	 and	 pathogens	 on	 the	 hands,	 for	 assessing	 overall	microbial	
composition.		Skin	microbiome	studies	of	the	Human	Microbiome	Project	(HMP)	mostly	use	
swabs	 to	 characterize	 the	 microbial	 communities	 of	 the	 skin;	 and,	 not	 much	 is	 known	
regarding	skin	microbiota	dynamics.		Hand	hygiene	studies	in	healthcare	setting	generally	
use	 the	 glove‐juice	 method,	 mostly	 for	 obtaining	 microbial	 loads	 for	 culturing.	 	 A	
comparison	 of	 the	 two	 sampling	 collection	 methods	 ‐‐	 research	 that	 is	 lacking	 in	 the	
literature	‐‐	and	the	dynamics	observed	in	each,	is	meaningful	for	bridging	the	two	research	
fields.	 	 Using	 a	 taxonomic	 classification	 at	 100%	 sequence	 identity,	 based	 on	 glove‐juice	
samples	(but	not	swab	samples),	HCWs	were	slightly	more	similar	to	themselves	than	they	
were	 to	 other	 HCWs	 over	 a	 short	 time	 period.	 	 However,	 the	 microbial	 community	
structure	of	the	hand	microbiota	within	a	HCW	over	3	weeks	was	as	variable	as	between	










swabbing	may	 provide	 adequate	 representation	 of	 the	microbiota	 present.	 	 However,	 if	
transmission	is	thought	to	arise	both	from	direct	contact	and	from	shedding	of	skin	cells,	
then	 sampling	 via	 glove‐juice	 would	 give	 a	 more	 complete	 picture	 of	 the	 potential	 for	
transmitting	 both	 transient	 and	 colonizing	 microbiota.	 Of	 note,	 we	 detected	 a	 higher	
proportion	 of	 Staphylococcus	aureus	and	 Pseudomonas	 spp.	 with	 the	 glove‐juice	 method	
than	with	the	swab	method	[Figure	3‐6].		The	incidence	of	infections	acquired	by	patients	
in	 an	 intensive	 care	 unit	 (ICU)	 is	 a	 great	 public	 health	 concern.	 	 A	 2007	 study	 of	 the	
prevalence	of	infection	in	1265	ICUs	from	75	countries	found	that	in	patients	with	positive	




of	 microbiomes,	 are	 equivalent.	 	 This	 could	 impact	 the	 true	 representativeness	 of	 the	
metagenomic	 study	 and	 the	 generalizability	 of	 results	 between	 studies	 (Weaver,	 2012).		
Extraction	method	affected	the	beta	diversity	observed,	however	this	was	not	consistently	
demonstrated,	 probably	 due	 to	 the	 low	 sample	 size	 (n=10)	 we	 had	 for	 comparison.	 	 A	
recent	 study	 using	 six	 different	 DNA	 extraction	 techniques	 to	 compare	 the	 microbial	
profiles	of	11	bacterial	species	and	a	mock	community	comprised	of	all	these	species	found	
that	 none	 of	 the	 techniques	 were	 accurate	 in	 describing	 the	 composition	 of	 the	 mock	
community	 (Yuan	 et	 al,	 2012).	 	 However,	 they	 determined	 that	 protocols	 using	 bead	
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beating	 and	 mutanolysin	 (25KU/ml)	 together,	 best	 represented	 the	 true	 microbial	
community	 structure.	 	We	 used	 a	 lower	 concentration	 of	mutanolysin	 (160U/ml)	 in	 our	
enzyme	cocktail,	however	the	cocktail	also	contained	Rnase	A,	lysostaphin,	and	lysozyme.			
Fourth,	we	obtained	the	same	results	 for	duplicate	samples	sequenced	in	different	
runs	 using	 the	 Ion	 Torrent	 Personal	 Genome	 Machine	 (PGM)	 technology.	 	 This	 is	 a	




this	 platform	 (Jünemann	 et	 al,	 2012).	 	 This	 study	 is	 the	 first	 skin	 microbiome	 study	 to	
compare	 microbiome	 samples	 to	 themselves	 in	 order	 to	 assess	 technical	 variability	
introduced	by	the	Ion	Torrent	PGM.	
Hands,	 intrinsically,	 are	 constantly	 exposed	 to	 contaminants	 in	 the	 environment.		
Oversampling	of	transients	picked	up	from	the	environment	may	have	been	more	apparent	
among	swab	samples.	 	Glove‐juice	samples	were	 likely	more	representative	of	 the	HCWs'	
endogenous	 hand	 microbiota.	 	 Overall,	 there	 was	 a	 positive	 correlation	 between	 the	
microbial	community	structure	observed	from	both	sampling	methods.	 	This	may	suggest	







Additional	 samples	 comparing	 DNA	 extraction	 techniques	 would	 also	 have	 proven	
beneficial.		However,	we	feel	that	if	there	is	an	effect,	it	is	small	given	that	we	were	able	to	
account	for	known	sources	of	technical	variability	(e.g.	sampling	collection,	DNA	extraction	
technique,	 and	 sequencing).	 	 In	 addition,	 it	would	 have	 been	 preferable	 to	 have	 had	 the	
HCWs	 perform	 the	 same	 hand	 hygiene	 protocol	 before	 sampling.	 	 However,	 the	 high	
frequency	of	overall	hand	hygiene	per	work	shift	reported	among	the	participants	do	not	
suggest	 that	 keeping	 their	 handwashing	 and	 alcohol	 rub	 use	 constant	 would	 have	
prevented	any	meaningful	confounding.	
	 In	 conclusion,	 analyses	 of	 the	microbiota	 found	on	HCWs'	 hands	 indicate	 that	 the	
dynamics	of	the	microbial	community	structure	is	dependent	on	sample	collection	method.		
Using	the	glove‐juice	method,	hands	from	within	an	individual	were	slightly	more	similar	in	
microbial	 composition	 over	 time	 than	between	 individuals.	 	 Using	 swab,	 samples	 from	a	
single	individual	were	no	more	similar	to	each	other	than	those	between	individuals.		Other	
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Figure	 3‐1.	 	 Study	 Design	 Showing	 Levels	 of	 Comparisons	 of	 Hand	 Microbiota	
Samples	 Sent	 for	 Sequencing,	 from	 34	 Healthcare	 Workers	 at	 the	 University	 of	
Michigan	Surgical	Intensive	Care	Unit,	July	5‐28,	2011.		Level	A	shows	the	comparison	
of	within	versus	between	HCWs	 (n1=34,	n2=34,	n3=34);	 level	B	 shows	 the	 comparison	of	





























Figure	 3‐3.	 	 Scatterplots	 of	 the	 First	 Principal	 Components	 of	 the	 Principal	
Coordinate	Analysis	(weighted	UniFrac)	of	the	Hand	Microbiota	from	34	Healthcare	
Workers	at	the	University	of	Michigan	Surgical	Intensive	Care	Unit,	July	5‐28,	2011.		
Stratification	 by	 Sampling	 Collection	Method	 (Panel	 A:	 Glove‐Juice	 (x‐axis)	 and	 Swab	 (y‐












Table	 3‐1.	 	 Number	 of	 Raw	 and	 Processed	 Sequencing	 Reads	 per	 Ion	 Torrent	
Personal	Genome	Machine	(PGM)	Sequencing	Run,	Using	316	Chips,	of	280	Samples	











Table	 3‐2.	 	 ANOSIM	 of	 the	 Hand	Microbiota	 from	 34	 Healthcare	Workers	 at	 the	
University	 of	 Michigan	 Surgical	 Intensive	 Care	 Unit,	 July	 5‐28,	 2011,	 Comparing	



















and	 Swab),	 DNA	 Extraction	 Method	 (Panel	 B:	 Lysozyme	 and	 Cocktail),	 Sequencing	
Replicates	 (Panel	 C:	 Set	 #1	 and	 Set	 #2),	 Healthcare	 Workers	 (Panel	 D:	 Within	 and	

































Microbiota	 from	 34	 Healthcare	 Workers	 at	 the	 University	 of	 Michigan	 Surgical	




































and	 behavioral	 risk	 factors	 for	 pathogen	 carriage,	 and	 pathogen	 carriage.	 	We	 screened	
their	dominant	hands	for	four	potential	nosocomial	pathogens,	specifically	Staphylococcus	
aureus,	Enterococcus	spp.,	methycillin‐resistant	Staphylococcus	aureus	(MRSA),	and	Candida	
albicans;	 and,	 evaluated	 age,	 hand	 hygiene,	 and	work	 shift	 as	 significant	 risk	 factors	 for	
pathogen	 carriage.	 	 Risk	 factors	 for	 pathogen	 carriage	 were	 pathogen	 dependent.		
Additionally,	HCW	hand	microbiota	was	associated	pathogen	carriage.		The	role	of	the	hand	
microbiota	 in	 pathogen	 carriage	 has	 important	 implications.	 	 The	 hand	 microbiota	





	 Host	 intrinsic	 and	 extrinsic	 properties	 help	 to	 resist	 pathogen	 colonization	 and	
infection.		Pathogen	resistance	mechanisms	include	the	presence	of	barriers	to	colonization	
(e.g.	hand	hygiene),	mechanisms	that	rapidly	clear	colonization	and/or	infection	(e.g.	host	
immunity),	 and,	 arguably,	 ecological	 relationships	 between	 the	 pathogen(s)	 and	 the	 host	
microbiota.	 	 In	 a	 clinical	 setting,	 healthcare	 workers	 (HCW)	 are	 continually	 exposed	 to	
pathogens,	 however,	 for	 the	most	 part	 remain	 healthy.	 	 This	 pathogen	 resistance	 can	 be	
explained	 by	 their	 strict	 hand	 hygiene	 regimen,	 effective	 hospital	 infection	 control	
practices,	 the	 extent	 of	 their	 exposure,	 and	 inherently	 by	 their	 immunocompetency.	 	 It	





	 Human	 skin	 is	 a	 complex	 ecosystem	 comprised	 of	 resident	 and	 transient	
microorganisms	 (Kampf	 and	 Kramer,	 2004).	 	 The	 resident	 bacteria,	 viruses,	 fungi	 and	
protozoa,	 our	 microbiota,	 far	 outnumber	 human	 cells	 on	 and	 in	 our	 bodies.	 	 While	 the	
human	microbiota	 have	 increasingly	 been	 shown	 to	 be	 associated	with	 host	 health	 and	
disease,	it	is	not	yet	clear	whether	they	influence	our	capacity	to	carry	or	resist	a	pathogen.		
Human	 skin	 microbiota	 diversity	 is	 thought	 to	 arise	 via	 many	 factors	 such	 as	 the	








host	 factors	 like	overall	 	health	and	health	of	 their	hands,	and	environmental	 factors	 like	
their	level	of	patient	contact,	provides	important	insight	into	public	health	interventions	in	
the	 clinical	 setting.	 	 The	 role	 of	 the	 hand	 microbiota	 in	 pathogen	 carriage	 can	 provide	
insight	into	the	transmission	potential	of	HCWs,	and	this	has	significant	hospital	infection	
control	 implications.	 	 We	 sought	 to	 assess	 whether	 HCW	 hand	 microbiota	 helped	 to	
potentially	mediate	or	modify	 the	effect	of	 certain	 risk	 factors	 for	pathogen	carriage	and	









can	 be	 visualized	 in	 the	 conceptual	 framework	 in	 Figure	 4‐1.	 	 As	 illustrated,	 the	 hand	
microbiota	is	hypothesized	to	play	several	roles.		One,	it	may	act	as	a	partial	mediator	in	the	







	 Healthcare	 workers	 were	 recruited	 from	 the	 University	 of	 Michigan	 Hospital	
Surgical	 Intensive	Care	Unit	 (SICU).	 	This	 is	 a	20‐bed	critical	 care	unit	 that	 specializes	 in	
patient	recovery	from	major	post‐operative	procedures	(e.g.	transplants,	aneurysm	repairs,	
resections,	 vascular	 endarterectomies,	 amputations)	 or	 those	 requiring	 extensive	
physiological	monitoring.		The	SICU	also	accommodates	patients	from	other	surgical	units	
(trauma‐burn,	 neurosurgery,	 medical,	 and	 cardiovascular).	 	 To	 qualify	 for	 inclusion,	
volunteers	had	to	be	a	healthcare	worker	working	at	 the	University	of	Michigan	Hospital	








	 At	 enrollment,	 study	 participants	 were	 given	 a	 self‐administered	 questionnaire	
regarding	 basic	 demographics,	 overall	 health,	 hand	 health,	 hand	 hygiene	 practices,	 and	
levels	 of	 patient	 contact	 [Appendix	 A].	 	 Questionnaire	 items	were	 developed	 based	 on	 a	
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comprehensive	 literature	 review	 that	 identified	elements	 important	 in	 shaping	microbial	
community	structure	of	healthcare	worker	hands	(Rosenthal	et	al,	2011).		Included	was	the	
Hand	Skin	Assessment	(HSA),	a	self‐rating	scale	used	by	the	study	participants	to	assess	the	
current	 condition	of	 the	 appearance,	 intactness,	moisture	 content,	 and	 sensation	of	 their	
hands.	 	This	scale,	used	extensively	in	other	studies,	has	been	used	in	previous	studies	of	
skin	 condition,	 and	 the	 scores	 correlate	with	other	physiologic	measures	of	 skin	damage	
(Larson	et	al,	1988;	Larson	et	al,	1990;	Berg	M,	1991;	Simion	et	al,	1993;	Smit	et	al,	1992;	
Larson	et	al,	1997).	
	 Upon	 completion	 of	 the	 questionnaire,	 a	 visual	 scoring	 of	 skin	 scale	 (VSS)	 was	
















solution.	 	 Swabbing	 was	 performed	 in	 two	 perpendicular	 directions	 to	 ensure	 that	 the	




All	 samples	 were	 stored	 at	 ‐20°C	 until	 further	 processing.	 	 Study	 participants	 were	
followed	for	2	weeks,	until	 three	hand	swab	and	glove‐juice	samples	were	obtained	from	
each	individual.		HCWs	were	randomly	sampled	at	the	start,	middle,	and	end	of	their	shifts,	
and	were	not	asked	 to	wash	 their	hands	prior	 to	collection,	but	were	also	not	prevented	
from	 doing	 so.	 	 Although	 investigators	 did	 not	 observe	 the	 practices	 of	 all	 subjects	
throughout	 the	 study,	 subjects	 were	 visited	 on	 an	 unannounced,	 regular	 basis	 by	




enzyme	 cocktail	 (mutanolysin	 @	 160U/ml,	 Rnase	 A	 @	 0.07mg/ml,	 lysostaphin	 @	 0.16	
mg/ml,	and	lysozyme	@	7mg/ml)	for	30	minutes	at	37°C.			The	standard	protocol	for	lysing	
gram‐positive	 bacterial	 cell	 lysates	 of	 the	 PureLink	 Genomic	 DNA	 kit	 (Invitrogen	 Corp.;	
#K1820‐02)	was	 followed	for	all	 subsequent	steps,	with	an	additional	 incubation	at	95°C	





	 DNA	was	tested	for	PCR	competency,	using	the	following	procedure.			 The	 primers	
L‐V6	 (5'‐CAACGCGARGAACCTTACC‐3')	 and	 R‐V6	 (5'‐CAACACGAGCTGACGAC‐3')	 were	
chosen	 to	 amplify	 the	 V6	 hypervariable	 region	 of	 the	 16S	 rRNA	 gene	 (Hummelen	 et	 al,	
2011).		After	extraction,	1	uL	of	the	purified	genomic	DNA	was	used	as	template	for	a	25	uL	
PCR	 reaction	 on	 a	MyCycler	 Thermal	 Cycler	 (Bio‐Rad	 Laboratories,	 Inc.).	 	 The	 following	








(London,	 ON,	 Canada).	 	 Further	 methodological	 information	 on	 DNA	 preparation	 for	




juice	 samples.	 	 These	 include	 Enterococcus	 spp.,	 Staphylococcus	 aureus,	 methycillin‐
resistant	 Staphylococcus	 aureus	 (MRSA),	 and	 Candida	 albicans.	 	 These	 pathogens	 were	








	 We	 optimized	 real‐time,	 quantitative	 PCR	 (qPCR)	 protocols	 using	 SYBR	 Green	





Epidemiology	 Laboratory:	 Enterococcus	 spp.	 (ATCC#	 29212),	 S.	aureus	 (ATCC#	 25923),	
MRSA	(ATCC#	1026),	and	C.	albicans	(ATCC#	MYA‐2876).	
Statistics	
	 Four	 separate	marginal	models	 that	 accounted	 for	 repeated	measures	were	 fit	 to	
assess	 the	 association	 between	 the	 potential	 risk	 factors	 for	 pathogen	 carriage,	 and	




the	 HCW	 SICU	 population.	 	 The	 variance‐covariance	matrix	 of	 the	 random	 errors	 (i.e.	 R	








of	 the	 phylogenetic	 branch	 length	 that	 is	 unique	 to	 one	 group	or	 the	 other.	 	 The	 branch	
lengths,	 in	this	case,	are	proportional	 to	 the	number	of	base	changes	 in	 the	V6	16S	rRNA	
gene.	 	 Because	 the	 relative	 abundance	 of	 different	 kinds	 of	 bacteria	 are	 critical	 for	
describing	 microbial	 community	 changes,	 the	 weighted	 UniFrac,	 which	 weights	 the	
branches	based	on	abundance,	was	used.		Distance	plots	are	a	way	to	compare	microbiota	
samples	 from	 different	 categories	 and	 see	which	 categories	 tend	 to	 have	 larger/smaller	
beta	 diversity	 than	 others.	 	 Beta‐diversity	 metrics	 thus	 assess	 the	 differences	 between	
microbial	 communities.	 	Associations	between	 the	HCWs'	hand	microbiota	 and	pathogen	
carriage	[Figure	4‐1],	were	assessed	by	comparing	the	distribution	of	the	weighted	UniFrac	
distances	 among	 HCWs	with	 Enterococcus	 spp.	 or	 S.	aureus	 present	 with	 those	 without.		
Similarly,	 to	 investigate	 the	 association	between	 the	 significant	 risk	 factors	 for	 pathogen	
carriage	and	the	HCWs'	hand	microbiota	[Figure	4‐1],	the	distribution	of	weighted	UniFrac	
distances	between	groups	of	HCWs	that	belonged	to	a	certain	category	of	a	potential	risk	
factor,	 were	 examined.	 	 A	 higher	 mean	 weighted	 UniFrac	 distance	 reflects	 a	 group	 of	
individuals	 with	 a	 more	 diverse	 microbial	 community.	 	 A	 wider	 distance	 distribution	








	 Moreover,	 to	 confirm	 potential	 associations	 between	 the	 HCWs'	 hand	microbiota	
and	 (i)	 risk	 factors	 for	 pathogen	 carriage,	 and	 (ii)	 pathogen	 carriage,	 a	 mixed	 model	
accounting	 for	 repeated	 measures	 was	 fit	 using	 the	 first	 principal	 components	 of	 the	
microbiota	principal	coordinate	analyses	as	the	outcome,	and	the	risk	factors	for	pathogen	
carriage,	 as	well	 as	 levels	 of	 pathogen	 carriage,	 as	 the	 explanatory	 variables.	 	 The	 same	
previous	 model	 fitting	 strategy,	 variance‐covariance	 matrix	 structure	 selection	 for	 the	
random	errors,	and	residual	diagnostics,	were	done.	
	 To	 further	 evaluate	 the	 relationship	 between	 the	HCWs'	 hand	microbiota	 and	 the	
risk	 factors	 for	 pathogen	 carriage,	 correlations	 between	 individual	 OTUs	 within	 the	
microbiota	 and	 the	 risk	 factors	 for	 pathogen	 carriage,	 were	 assessed.	 	 Similarly,	 the	





not	assessed	collectively.	 	 Instead,	 samples	were	analyzed	one	 time	point	at	 a	 time.	 	The	
correlation	coefficients	were	then	converted	to	a	set	of	Z	scores	via	Fisher	transformation,	
and	a	normal	quantile	plot	was	done	for	each	set	(Supplemental	Materials).	 	This	analysis	






	 The	 self‐reported	 questionnaire	 was	 designed	 to	 focus	 on	 a	 few	 potential	 risk	
factors	of	both	pathogen	carriage	and	hand	microbiota.	 	 It	 included	questions	about	host	
demographics,	behavioral	 factors,	host	 factors,	and	environmental	 factors.	 	The	34	HCWs	
were	mostly	 	 female	 (76.5%),	Caucasian	 (91.1%)	and	born	 in	 the	United	States	 (91.1%).		
They	 averaged	34.5	years	 of	 age	 (range	20‐59),	 and	7	 (20.6%)	had	 at	 least	 one	 child	<5	
years	old	living	within	their	household.		Twenty‐four	(70.6%)	HCWs	were	RNs,	6	(17.6%)	
were	Respiratory	Specialists,	and	4	(11.8%)	were	Nurse	Technologists.	
	 In	 terms	 of	 their	 hand	 hygiene	 practices,	 during	 a	 typical	 12‐hr	work	 shift,	 about	
half	(52.9%)	HCWs	washed	their	hands	with	soap	and	water	6‐20	times,	and	41.2%	used	
alcohol	rub	>40	times.		Two‐thirds	(61.8%)		donned	>40	pairs	of	gloves	during	a	typical	12‐
hr	 work	 shift,	 mostly	 nitrile,	 powder‐free	 (Figure	 4‐2).	 	 Washing	 hands	 with	 soap	 and	
water,	using	alcohol	rub,	and	donning	pairs	of	gloves	were	not	correlated	with	each	other.		
The	majority	(64.7%)	used	lotion	or	moisturizer	on	their	hands	1‐5	times	per	12‐hr	work	
shift.	 	 Based	 on	 the	 6‐point	 visual	 scoring	 skin	 scale	 (VSS),	 only	 6	 (17.7%)	 HCWs	 had	
slightly	 scaly	 hands;	 the	 rest	 had	 either	 very	 slightly	 scaly	 or	 normal	 hands.	 	 Inter‐rater	
agreement	was	good	(Cronbach's	alpha	=	0.75)	(Supplemental	Materials).		Based	on	the	7‐
point	self‐reported	healthy	skin	assessment	(HSA)	scale,	with	7	being	the	healthiest	state,	
many	 HCWs	 reported	 a	 6	 on	 appearance	 (55.9%),	 intactness	 (38.2%),	 and	 moisture	




	 Regarding	 the	 level	 of	 patient	 contact,	 most	 (58.8%)	 HCWs	 cared	 directly	 for	 an	
average	of	1‐2	patients	per	12‐hr	work	 shift.	 	 The	majority	 took	vital	 signs	 (73.5%)	 and	
turned	patients	 (55.9%)	>10	 times	per	12‐hr	work	 shift.	 	Tasks	performed	by	HCWs	1‐4	





	 HCWs	were	 sampled	using	 swabs	 at	 the	 start,	middle,	 or	 end	of	 their	 12‐hr	work	
shift.		In	an	effort	to	ascertain	the	microbial	load	on	HCWs'	hands,	HCWs	were	not	asked	to	
perform	hand	hygiene	before	sample	collection.	 	However,	they	were	not	prevented	from	
doing	 so.	 	 In	 fact,	most	HCWs	performed	hand	hygiene	within	10	minutes	before	 sample	
collection,		ranging	from	immediately	before	to	160	minutes	before	(median	of	10	minutes,	
mean	 of	 24.5	minutes,	 std	 dev	 of	 32.3	minutes).	 	 The	 proportion	 of	 potential	 pathogens	
detected	 using	 qPCR	 varied	 by	 collection	 visit:	 	 S.	aureus	 ranged	 from	 41.2%	 to	 52.9%;	
Enterococcus	spp.	ranged	from	52.9%	to	61.8%;	C.	albicans	ranged	from	2.9%	to	8.8%	and	
MRSA	ranged	from	2.9%	to	5.9%	(Table	4‐3).		A	closer	look	at	whether	these	pathogens	co‐








Toeplitz	 R	 structure	 was	 selected	 as	 the	 appropriate	 structure	 for	 the	 variances	 and	
covariances	of	the	random	errors	(Supplemental	Materials).		It	has	homogenous	variances	
and	 heterogeneous	 correlations	 between	 the	 elements.	 	 Since	 we	 have	 no	 reason	 to	
suppose	 that	 the	 error	 structure	 is	 changing	 over	 time,	 this	 R	 structure	 is	 suitable	 as	 it	
assumes	 no	 exponential	 decay	 (i.e.	 correlations	 among	 the	 errors	 do	 not	 decline	
exponentially	with	distance).		Models	predicting	C.	albicans	carriage	and	MRSA	carriage	did	
not	 converge	 because	 there	 were	 not	 enough	 HCWs	 carrying	 these	 pathogens.	 	 Models	
predicting	mean	level	of	S.	aureus	carriage	and	Enterococcus	spp.	carriage	were	as	follows:	







(e.g.	 start,	 middle	 or	 end	 of	 work	 shift)	 (F=	 4.28,	 p‐value=	 0.0339),	 were	 statistically	
significantly	associated	with	 frequency	of	S.	aureus	 carriage	(Supplemental	Materials).	 	 In	
comparison	 to	 not	 using	 any	 alcohol	 rub,	HCWs	who	used	 it	 1‐5	 times/work	 shift	 had	 a	
20%	 decreased	 level	 of	 S.	 aureus	 (p=0.03)	 [Table	 4‐4].	 	 This	 trend,	 however,	 was	 not	
statistically	 significant.	 	 Higher	 frequency	 of	 donning	 gloves	 during	 the	 12‐hr	work	 shift	
was	associated	with	a	greater	frequency	of	S.	aureus	on	HCWs'	hands	[Table	4‐4].		Sampling	
HCWs	 in	 the	middle	 of	 their	 work	 shift	 was	 associated	 with	 a	 43%	 lower	 amount	 of	 S.	
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aureus,	 in	 comparison	 to	 the	 start	 of	 their	 shift	 (p=0.01);	 sampling	 at	 the	 end	 was	
associated	with	an	even	lower	amount,	though	this	was	not	statistically	significant	[Table	
4‐4].	
	 According	 to	 the	 type	3	 tests	of	 fixed	effects,	 the	mixed	model	predicting	 levels	of	
Enterococcus	 spp.	 detection	 on	 the	 HCWs'	 hands,	 shows	 that	 frequency	 of	 handwashes	
(F=4.95,	 p‐value=	 0.0070)	 and	 age	 (F=29.24,	 p‐value<	 0.0001)	 were	 statistically	
significantly	 associated	 with	 frequency	 of	 Enterococcus	 spp.	 carriage.	 (Supplemental	
Materials).		For	every	year	increase	in	age,	there	was	an	approximate	9%	greater	frequency	
of	Enterococcus	 spp.	 carriage	 (p<0.0001)	 [Table	4‐4].	 	 In	 terms	of	hand	hygiene,	washing	
hands	 with	 soap	 and	 water	 >40	 times	 per	 12‐hr	 work	 shift	 resulted	 in	 a	 9%	 lower	
frequency	of	Enterococcus	spp.	carriage	(p=0.02)	[Table	4‐4].	
Association	Between	Risk	Factors	for	Pathogen	Carriage	and	HCW	Hand	Microbiota	
	 Swab	 samples	 from	 a	 single	 individual	 HCW	were	 no	more	 similar	 to	 each	 other	
over	 time	 than	 those	 between	 HCWs	 (MR,	 unpublished	 data),	 in	 terms	 of	 their	 hand	
microbiota	 profile.	 	 Consequently,	 associations	 assessed	 between	 HCW	 hand	microbiota	
and	potential	 risk	 factors	 for	pathogen	carriage,	as	well	 as	pathogen	carriage	 itself,	were	
done	so	using	swab	samples.		Of	all	potential	risk	factors	for	pathogen	carriage,	only	hand	
hygiene	 (i.e.	 handwashing,	 alcohol	 rub	 use,	 and	 donning	 of	 gloves)	 was	 associated	 with	
HCW	hand	microbiota,	as	shown	by	the	differences	observed	in	weighted	UniFrac	distance	
distributions	across	different	 levels	of	hand	hygiene	[Figure	4‐3].	 	HCWs	who	did	not	use	
alcohol	 rub	had	a	wider	distribution	of	weighted	UniFrac	distances	 than	all	 other	HCWs.		




those	who	do	 so	>40	 times	per	12‐hr	work	 shift,	 had	 similar	 and	notably	 higher	means.		
Washing	 hands	 >40	 times	 per	 12‐hr	 work	 shift	 had	 a	 reduced	 mean	 distance	 of	 the	
microbial	 communities,	 in	 a	 way,	 a	 reduced	 overall	 diversity	 between	 those	 samples.		
Donning	only	1‐5	pairs	of	gloves	per	12‐hr	work	shift	was	associated	with	a	slightly	higher	
mean	 distance	 than	 other	 frequencies,	 however,	 donning	 gloves	 over	 20	 times	 was	




	 The	 following	mixed	model	 predicting	 the	 first	 principal	 components	 of	 the	 hand	
microbiota	principal	coordinate	analyses,	by	the	fixed	effects	of	the	significant	risk	factors	





	 To	 assess	 the	 association	 between	 HCW	 hand	microbiota	 and	 pathogen	 carriage,	
distributions	 of	 weighted	 UniFrac	 distances	 of	 the	 microbial	 communites	 among	 HCWs	
with	 pathogens	 detected	 (e.g.	 S.	aureus,	 Enterococcus	 spp.,	 MRSA,	 and	 C.	albicans)	 were	
compared	to	those	without.	 	In	general,	the	presence	of	a	pathogen	was	associated	with	a	
lower	mean	weighted	 UniFrac	 distance	 [Figure	 4‐4].	 	Meaning,	 HCWs	with	 a	 lower	 beta	
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	 The	 comparison	 of	 the	 raw	 correlations	 with	 that	 of	 the	 Fisher	 transformed	
correlations,	 indicate	 that	 in	 terms	 of	 individual	 OTUs	 (as	 opposed	 to	 the	 microbial	
community	 structure	 as	 a	 whole),	 sampling	 time	 point	 collected	 matters	 (Supplemental	
Materials).	 	 For	 each	 sampling	 time,	 correlation	 coefficients	 higher	 than	 |0.6|	 were	
observed	 between	 levels	 of	 MRSA	 carriage	 and	 of	 C.	albicans	 carriage,	 with	 the	 relative	
abundance	 of	 certain	 OTUs	 [Table	 4‐4].	 	 In	 particular,	 increasing	 amounts	 of	MRSA	was	
positively	 correlated	with	 increasing	 amounts	 of	Bifidobacteriaceae	vaginalis.	 	 Increasing	
amounts	 of	 C.	 albicans	 was	 positively	 correlated	 with	 increasing	 amounts	 of	
Corynebactericeae,	 Micrococccineae	 mucilaginosa,	 and	 Methylobacterium.	 	 Levels	 of	 S.	
aureus	 and	of	Enterococcus	 spp.	on	HCWs	hands	were	not	 correlated	with	any	particular	
OTU.	 	 Correlation	 coefficients	 higher	 than	 |0.6|	were	 also	 observed	 between	 certain	 risk	
factors	 for	 pathogen	 carriage	 and	 the	 relative	 abundance	 of	 certain	 OTUs	 [Table	 4‐4].		
Increasing	the	number	of	patients	per	HCW	and	having	children	<5y	living	with	the	same	
household,	were	 positively	 correlated	with	 particular	 OTUs.	 	 A	 negative	 correlation	was	





	 Analyses	 of	 the	 hands	 of	 34	 HCWs	 showed	 several	 key	 findings.	 	 First,	 the	
proportion	of	potential	pathogens	detected	on	their	hands	varied	by	collection	visit,	with	S.	
aureus	 and	Enterococcus	 spp.	 having	 relatively	high	proportions,	 in	 comparison	 to	MRSA	
and	 C.	albicans.	 	 Second,	 assessing	 various	 potential	 risk	 factors	 for	 pathogen	 carriage,	
including	host	demographics,	hand	hygiene	practices,	and	level	of	patient	contact,	showed	
that	significant	predictors	differed	by	specific	pathogen	carriage.		Third,	and	perhaps	most	
important,	 HCWs'	 hand	 microbiota	 play	 a	 meaningful	 role	 in	 the	 relationship	 between	
potential	risk	factors	for	pathogen	carriage,	and	pathogen	carriage.	
	 Real‐time,	 qPCR	 is	 a	 sensitive,	 effective,	 and	 valuable	 tool	 that	 can	 determine	
microbial	counts	on	HCWs'	hands.	 	Using	this	technique,	a	Danish	 longitudinal	study	of	S.	
aureus	 carriage	 on	 the	 hands	 of	 20	 HCWs	 showed	 that	 45%	 of	 the	 participants	 were	
positive	 on	 all	 10	 days	 (Horn	 et	 al,	 2007).	 	 Moreover,	 the	 average	 amount	 of	 S.	aureus	
detected	 per	 hand	 was	 2300.	 	 In	 our	 study,	 we	 found	 exactly	 the	 same	 proportion	 of	
positive	 HCWs	 over	 3	weeks,	with	 an	 average	 of	 2642	 S.	aureus	 per	 hand.	 	 A	molecular	
quantitation	 of	 the	 carriage	 of	 non‐resistant	Enterococcus	 spp.	 on	HCWs'	 hands	was	 not	
found	 in	 the	 literature.	 	Although	 less	 than	10%	of	E.	faecalis	isolates	 from	intensive	care	
unit	patients	infected	with	Enterococci	are	resistant	to	vancomycin,	70%	of	the	E.	faecium	
isolates	 are	 resistant	 (Tenover	 and	 McDonald,	 2005).	 	 Epidemiologic	 investigations	 of	
contamination	of	HCWs'	hands	with	vancomycin‐resistant	Enterococci,	have	shown	a	range	
of	0	 to	41%	of	hands	positive	(Hayden,	2000).	 	 In	our	study,	we	sought	 to	determine	the	
levels	of	Enterococcus	spp.,	which	may	have	included	resistant	and	non‐resistant	bacteria.		




and	5.9%	positive	over	3	weeks,	 respectively.	 	 In	a	 recent	 study,	 the	 fingertips	 from	523	
HCWs	 were	 sampled	 on	 822	 occasions,	 showing	 38/822	 (5%)	 positive	 (Creamer	 et	 al,	
2010).	 	 An	 8	month	 study	 of	C.	albicans	 carriage	 among	 patients	 and	 nursing	 staff	 at	 an	
intensive	care	unit	in	Kuwait	showed	that	of	the	90	swab	samples	taken	from	the	hands	of	
the	 nursing	 staff,	 4	 (4.4%)	 isolates	 were	 detected	 (Khan	 et	 al,	 2003).	 	 Therefore,	 our	
findings	are	consistent	with	other	studies	among	healthcare	workers	in	the	literature.	
	 Significant	risk	factors	for	pathogen	carriage	depended	on	the	pathogen.		Frequency	
of	 alcohol	 rub	use,	 frequency	 of	 glove	use,	 and	 time	within	work	 shift	were	 significantly	
associated	with	S.	aureus	carriage.		In	comparison	to	not	using	any	alcohol	rub,	HCWs	who	
used	 it	 1‐5	 times/work	 shift	 had	 a	 20%	decreased	 level	 of	S.	aureus.	 	 A	 crossover	 effect	
happened,	however,	where	using	alcohol	rub	>5	times	per	12‐hr	work	shift	was	associated	
with	higher	frequency	of	S.	aureus	carriage.		This	may	be	explained	by	the	effective	killing	




2.6‐3.7	 log10	 unit	 reduction	 in	 S.	aureus	 on	 artificially	 contaminated	 hands	 (Kampf	 and	
Kramer,	 2004).	 	 However,	 the	 authors	 also	 indicate	 studies	 whereby	 an	 increase	 in	
microbial	 load	happens	after	handwashing.	 	Our	observed	crossover	effect	of	alcohol	 rub	
use	on	the	frequency	of	S.	aureus	carriage	may	possibly	reflect	the	combined	use	of	these	
two	hand	hygiene	regimens	performed	by	our	study	participants.	 	Sampling	HCWs	 in	the	




suggest	 that	 it	may	 reflect	 the	 cumulative	 effect	 of	 hand	 hygiene	 performed	 throughout	
their	12‐hr	shifts,	or,	the	modifying	effect	of	their	hand	microbiota	throughout	their	shifts.	
	 Other	 risk	 factors	 for	 pathogen	 carriage	 were	 significant	 for	 the	 carriage	 of	
Enterococcus	 spp.	 	 Unlike	 S.	aureus	 carriage,	 Enterococcus	 spp.	 carriage	 was	 statistically	
significantly	 associated	with	 the	 frequency	 of	 handwashing.	 	However,	 this	was	 only	 the	







Enterococcus	 spp.	 carriage.	 	 Frequency	 of	 MRSA	 carriage	 and	 C.	albicans	 carriage	 were	
likely	too	low	to	show	any	significant	associations	with	any	potential	risk	factors.	
	 Frequency	of	alcohol	rub	use	and	glove	use	were	both	associated	with	both	S.	aureus	
carriage	 and	with	 the	HCWs'	hand	microbiota.	 	 Similarly,	 frequency	of	handwashing	was	




carriage	 but	 not	 with	 the	 HCWs'	 hand	 microbiota.	 	 Similarly,	 age	 was	 associated	 with	
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Enterococcus	 spp.	carriage	but	not	with	the	HCWs'	hand	microbiota.	 	Therefore,	 the	hand	
microbiota	may	act	as	an	effect	modifier	in	the	relationship	between	these	risk	factors	and	
pathogen	carriage.	 	Results	 from	 the	mixed	model	using	 the	 first	principal	 component	of	
the	 principal	 coordinate	 analysis	 of	 the	HCWs'	 hand	microbiota	 as	 the	 outcome,	 did	 not	
show	any	 statistically	 significant	 associations	 to	 confirm	 the	 associations	observed	using	
the	distribution	of	weighted	UniFrac	distances.	
	 In	terms	of	the	specific	bacterial	community	members	of	the	HCWs'	hand	microbiota	
that	 were	 correlated	 with	 either	 the	 levels	 of	 pathogen	 carriage,	 or	 with	 potential	 risk	
factors	for	pathogen	carriage,	we	first	found	that	levels	of	S.	aureus	and	of	Enterococcus	spp.	
on	HCWs	hands	were	not	correlated	with	any	particular	OTU.			 This	 may	 be	 due	 to	 the	
ubiquity	 of	 these	 potential	 pathogens	 on	 the	 HCWs'	 hands.	 	 We	 observed	 a	 positive	
correlation	 between	 levels	 of	MRSA	 and	Bifidobacteriaceae	vaginalis.	 	 This	 association	 is	
not	 very	 well	 characterized	 in	 the	 literature.	 	 There	 have	 been	 reports	 of	 heterosexual	
transmission	of	MRSA,	but	also	of	rare	MRSA	prevalence	among	sexually	active	adolescents	
(Cook	et	al,	2007;	Handsfield	HH,	2007;	Huppert	et	al	 ,	2011).	 	C.	albicans	was	positively	
correlated	 with	 Corynebactericeae,	Micrococccineae	mucilaginosa,	 and	Methylobacterium.		
HCWs	who	had	children	<5y	living	within	their	household	were	positively	associated	with	
having	Acinetobacter	 and	Veillonella	 on	 their	 hands.	 	 Associations	 between	 children	 and	
presence	 of	 Acinetobacter	 are	 not	 uncommon	 (Andersson	 et	 al,	 1999;	 Ege	 et	 al,	 2012).		
Similarly,	 associations	 between	 children	 and	 presence	 of	 Veillonella	 have	 also	 been	
reported	 (Arif	 et	 al,	 2008;	 Duytschaever	 et	 al,	 2011).	 	 Positive	 correlations	 between	 an	
increase	in	the	number	of	patients	per	HCW	and	Vibrionaceae,	Propionibacteriaceae,	Delftia,	
and	 Acinetobacter,	 were	 observed.	 	 Delftia	 is	 a	 genus	 of	 Comamonads,	 that	 have	 been	
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implicated	 in	 healthcare‐associated	 infections	 (Kawamura	 et	 al,	 2011;	 Preiswerk	 et	 al,	






between	 these	 bacterial	 species	 and	 microbial	 community	 structure	 of	 HCWs'	 hand	
microbiota	and	pathogen	carriage.	 	 For	 instance,	none	of	 the	 correlations	observed	were	
consistent	 across	 collection	 visits.	 	 Overall,	 both	 the	HCWs'	 hand	microbiota	 and	 certain	
risk	factors	for	pathogen	carriage,	likely	predict	pathogen	carriage.		However,	a	limitation	
to	this	study	remains	the	directionality	of	the	association	between	pathogen	carriage	and	
HCWs'	 hand	microbiota.	 	While	 we	 concern	 ourselves	with	 the	 pathogen	 carriage	 as	 an	
important	public	health	outcome,	it	may	be	that	the	HCWs'	hand	microbiota	is	itself	a	result	
from	 the	 carriage	 of	 certain	 pathogens.	 	 This	 could	 also	 have	 meaningful	 health	
implications,	with	particular	microbial	community	structures	of	the	microbiota	resulting	in	
more	harmful	ecosystems	than	the	presence	of	one	pathogen	alone.			




concerning	 the	 HCWs'	 hand	 hygiene	 practices	 before	 sample	 collection	 may	 have	
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contributed	 to	 some	 confounding	 in	 the	 results	 of	 the	 effect	 of	 their	 microbiota	 on	
pathogen	 carriage.	 	 Lastly,	 problems	 associated	 with	 multiple	 comparisons	 may	 have	
occurred,	 given	 the	 need	 to	 assess	 each	 relationship	 (e.g.	 HCW	 hand	 microbiota	 and	




handwashing,	 were	 associated	 with	 Enterococcus	 spp.	 carriage.	 	 HCW	 hand	 microbial	
community	 structure	 was	 associated	with	 pathogen	 carriage.	 	 HCWs	with	 a	 lower	 hand	




an	 effect	 modifier	 in	 the	 relationship	 between	 some	 demographic	 factors	 and	 pathogen	
carriage.		Understanding	the	different	risk	factors	for	pathogen	carriage	is	important.		But	
more	 importantly,	 we	 need	 to	 start	 thinking	 about	 the	 HCWs’	 hand	 microbiota	 in	 that	
relationship.		The	role	of	the	hand	microbiota	in	pathogen	carriage	can	provide	insight	into	
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Table	 4‐1.	 	 Primer	 Sets	 Used	 in	 the	 Real‐time	 qPCR	 Assays	 of	 Enterococcus	 spp.,	
Staphylococcus	 aureus,	 Methycillin‐resistant	 Staphylococcus	 aureus	 (MRSA),	 and	
Candida	albicans.	










Cuny and Witte, 2005 
Enterococcus spp.* 16S 
CCCTTATTGTTAGTTGCCATCATT 
ACTCGTTGTACTTCCCATTGT 
Rintilla et al, 2004 




* Enterococcus faecalis , E. faecium, E. asini, E. saccharolyticus, E. casseliflavus, E. gallinarum, E. dispar, E. 
flavescens, E. hirae, E. durans, E. pseudoavium, E. raffinosus, E. avium, E. malodoratus, E. mundtii, E. azikeevi, E. 




Table	 4‐2.	 	 Real‐time	 qPCR	 Conditions	 Used	 for	 Enterococcus	 spp.,	 Staphylococcus	
aureus,	methycillin‐resistant	 Staphylococcus	 aureus	 (MRSA),	 and	 Candida	 albicans	
Assays,	on	a	CFX‐96	Thermocycler.	
Enterococcus spp. Staphylococcus aureus 
98C for 2min 98C for 2min 
40 cycles of [98C for 1sec; 60C for 1sec] 40 cycles of [98C for 4sec; 60C for 4sec] 
65C-95C (increment of 0.5C) for 5sec 65C-95C (increment of 0.5C) for 5sec 
MRSA Candida albicans 
98C for 2min 98C for 2min 
40 cycles of [98C for 2sec; 56C for 2sec] 40 cycles of [98C for 1sec; 63C for 1sec] 









Relationship	 Between	 Potential	 Risk	 Factors	 for	 Pathogen	 Carriage	 and	 Pathogen	


















Pathogen (targeted gene) Collection Visit Ɏ * Mean copies/ul * Positive (%, n=34) 
Staphylococcus aureus (nuc) 
1 951.3 41.2 
2 6623.1 41.2 
3 351.4 52.9 
Enterococcus spp. (16S) 
1 1702.9 52.9 
2 2877.1 70.6 
3 1823.6 61.8 
Candida albicans (18S) 
1 663.8 8.8 
2 336.3 5.9 
3 142.7 2.9 
MRSA (mecA/orfX) 
1 173.5 2.9 
2 1405.8 5.9 
3 3763.5 2.9 
Ɏ nuc (~1 copy / cell); Enterococcus (~5 16S rRNA copies / cell); C. albicans (~100 copies / cell). 





























Measured	by	 the	 log	of	Gene	Copy	Numbers	Detected	using	qPCR,	 among	 Surgical	
Intensive	Care	Unit	Healthcare	Workers	Participating	 in	 the	Healthy	Hands	 Study,		
July,	2011	(N=34).	
	
 Staphylococcus aureus Enterococcus spp. 
Parameter Estimate 0.95 CL p-value Estimate 0.95 CL p-value
Intercept 3.063 (1.827, 4.299) <.0001 2.779 (1.197, 4.360) 0.0012 
Age    0.087 (0.0543, 0.121) <.0001 
Handwashes  
1-5 times ref ref ref ref ref ref 
6-20 times -0.045 (-0.626, 0.535) 0.87 0.462 (-0.513, 1.437) 0.34 
21-40 times -0.354 (-1.172, 0.464) 0.38 -0.493 (-1.555, 0.570) 0.35 
>40 times -0.125 (-0.847, 0.597) 0.72 -2.382 (-4.318, -0.446) 0.02 
Alcohol Rub Use  
None ref ref ref    
1-5 times -1.546 (-2.892, -0.201) 0.03    
6-20 times 0.933 (0.207, 1.658) 0.01    
21-40 times -0.017 (-0.713, 0.679) 0.96    
>40 times 0.115 (-0.694, 0.924) 0.77    
Pairs of Gloves Donned  
1-5 times ref ref ref    
6-20 times 1.795 (0.272, 3.318) 0.02    
21-40 times 2.812 (1.592, 4.032) 0.0001    
>40 times 2.709 (1.384, 4.034) 0.0004    
Time within Shift  
start ref ref ref    
mid -0.833 (-1.443, -0.222) 0.01    
end -0.366 (-1.279, 0.548) 0.41    
























Figure	 4‐4.	 	 Distributions	 of	 Weighted	 UniFrac	 Distances	 Within	 Presence	 and	
Absence	Categories	of	Potential	Pathogens	Detected	among	Surgical	 Intensive	Care	
Unit	 Healthcare	 Workers	 Participating	 in	 the	 Healthy	 Hands	 Study,	 July,	 2011	













































































	 As	 beautifully	 asked	 by	 Blaser,	 "How	 can	 we	 make	 sense	 of	 our	 microbial	 and	




  This	 dissertation	 presents	 key	 findings	 that	 have	 several	 potentially	 important	
public	health	implications.		From	Chapter	2,	a	conceptual	framework	for	understanding	the	
interactions	 between	 skin	 microbiota,	 the	 human	 host,	 and	 the	 environment,	 was	





Firmicutes,	 and	 Proteobacteria,	 consistently	 make	 up	 the	 majority	 of	 the	 endogenous	




Finally,	 Chapter	 2	 presents	 some	 challenges	 and	 implications	 for	 studying	 the	 skin	
microbiota.	
	 In	Chapter	3,	analyses	of	the	microbiota	found	on	HCWs'	hands	who	participated	in	
a	pilot	 study	called	 'Healthy	Hands	Study',	where	34	participants	were	 sampled,	 indicate	
that	the	dynamics	of	the	microbial	community	structure	is	dependent	on	sample	collection	
method.		Using	the	glove‐juice	method,	hands	from	within	an	individual	HCW	were	slightly	
more	 similar	 in	microbial	 composition	 over	 time	 than	 between	 individual	 HCWs.	 	 Using	
swabs,	samples	from	a	single	HCW	in	time	were	no	more	similar	to	each	other	than	those	
between	HCWs.	 	 In	 addition,	 the	 glove‐juice	method	 captured	 higher	 amounts	 of	 known	
hospital	pathogens,	such	as	Streptococcus,	Acinetobacter,	and	Pseudomonas.		Other	sources	




that	 risk	 factors	 for	 pathogen	 carriage	 among	 HCWs	 were	 dependent	 on	 the	 specific	





a	 pathogen	 present	 on	 their	 hands.	 	 The	 HCW	 hand	 microbiota	 may	 act	 as	 a	 partial	







the	pilot	study	"Healthy	Hands".	 	The	first,	however,	 is	 the	thorough	review	outlining	the	
conceptual	framework	of	how	the	skin	microbiota	is	relevant	to	the	epidemiological	study	
of	disease	causation.	 	Given	the	introduction	of	this	concept	(Chapter	2),	we	then	used	an	





Here,	 we	 were	 able	 to	 bridge	 a	 gap	 between	 fields	 of	 microbial	 ecology	 of	 the	 human	
microbiome	and		epidemiological	practice.		The	significant	implications	of	this	bridge	to	the	
public	health	potential	of	human	microbiome	studies	cannot	be	undermined.		The	design	of	
the	 'Healthy	 Hands'	 pilot	 study	 is	 another	 strength	 to	 this	 dissertation,	 because	 it	
accounted	for	the	effect	of	time	in	the	variation	of	hand	microbiota	in	HCWs,	and	not	just	
differences	 between	 individuals.	 	 The	 longitudinal	 sampling,	 albeit	 short	 in	 time	 frame,	
added	 a	 level	 of	 complexity	 that	 allowed	 us	 to	 determine	 the	 dynamics	 of	 the	 hand	
microbiota	within	and	between	study	participants.	 	Another	advantage	of	'Healthy	Hands'	
is	 that	 the	 hand	 microbiota	 of	 a	 particular	 section	 of	 the	 population	 ‐	 HCWs	 ‐	 were	







of	 the	 human	 skin	 microbiome	 to	 use	 the	 third	 generation	 sequencing	 platform,	 'Ion	
Torrent'	PGM.		In	Chapter	4,	we	were	successful	to	show	how	the	hand	microbiota	of	HCWs	
fit	 into	 the	 relationship	 between	 certain	 risk	 factors	 pathogen	 carriage	 and	 S.	 aureus	
carriage	and	Enterococcus	spp.	carriage.		This	chapter	tied	together	the	microbial	ecology	of	
the	microbiota,	 the	advantages	of	qPCR	 in	 the	detection	of	pathogen	carriage,	 the	survey	
instrument	 response	 of	 every	 study	 participant	 (100%	 response	 rate),	 and	 advanced	
epidemiological	methods.	
	 Unfortunately,	 there	 were	 some	 limitations	 to	 this	 dissertation.	 	 The	 first	 is	 the	
natural	limitations	of	any	pilot	study.		Given	the	limited	time	and	money	available,	we	were	
only	 able	 to	 sample	 34	HCWs	 at	 three	 points	 in	 time.	 	 This	 already	 yielded	 a	 very	 large	
amount	 of	 samples	 to	 study	 microbiome	 dynamics,	 however,	 when	 adding	 the	
epidemiological	component,	 the	sample	size	 interfered	with	 the	ability	of	 two	of	 the	 four	
models	of	pathogen	carriage,	for	instance,	to	converge.		Additionally,	the	lack	of	consistency	
concerning	 the	 HCWs'	 hand	 hygiene	 practices	 before	 sample	 collection	 may	 have	
contributed	 to	 some	 confounding	 in	 the	 results	 of	 the	 effect	 of	 their	 microbiota	 on	







the	 determinants	 of	 pathogen	 carriage	was	 self‐reported,	 thus	 potentially	 suffering	 from	
bias,	especially	in	terms	of	the	frequency	of	hand	hygiene	practices.	
Implications	
	 Understanding	 the	 different	 risk	 factors	 for	 pathogen	 carriage	 is	 important.		
However,	the	role	of	the	healthcare	workers'	hand	microbiota	in	the	relationship	between	
risk	 factors	 for	 pathogen	 carriage	 and	 pathogen	 carriage,	 is	 even	 more	 important.	 	 For	
instance,	 it	 can	 provide	 insight	 into	 the	 transmission	 potential	 of	 healthcare	 workers,	
resulting	 in	 significant	 hospital	 infection	 control	 implications.	 	 Additionally,	 the	 hand	
microbiota	 community	 structure	 can	ultimately	 act	 as	 a	 biomarker	of	 pathogen	 carriage.		




are	 already	 focusing	 on	 the	 idea	 that	 probiotics	 can	be	protected	 (or,	 encapsulated)	 and	





	 It	 is	 our	 intention	 that	 this	 dissertation	 informs	 future	 researchers	 about	 (i)	 the	
need	 to	 account	 for	 technical	 sources	of	 variation	 in	 their	 characterization	of	 the	human	
microbiota,	 (ii)	 the	 careful	 consideration	 of	 sampling	 method	 necessary	 to	 adequately	
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answer	 their	 question,	 and	 (iii)	 the	 utility	 of	 implementing	 the	 human	microbiome	 into	
epidemiological	studies	to	further	elucidate	health	and	disease,	and	transmission.	
	 While	 this	 dissertation	 was	 able	 to	 test	 for	 several	 things,	 it	 was	 also	 very	
hypothesis	 generating.	 	 This	 dissertation	 opens	 several	 doors	 of	 opportunities	 for	 future	
studies.	 	 First,	 it	 would	 be	 informative	 to	 explore	 the	 directionality	 of	 the	 association	
between	hand	microbiota	and	pathogen	carriage.		This	would	allow	us	to	better	understand	
the	 role	 of	 the	 hand	 microbiota	 in	 the	 association	 between	 risk	 factors	 for	 pathogen	
carriage,	and	pathogen	carriage.		Second,	it	would	be	useful	to	investigate	which	members	
of	 the	 microbial	 communities	 are	 key	 in	 helping	 structure	 the	 hand	 microbiota	 as	 it	
responds	 to	 the	presence	of	pathogens,	or	 to	hand	hygiene	practice.	 	Third,	eventually,	 it	
would	be	helpful	 to	combine	these	metagenomic	data	with	a	 functional	assessment	using	
transcriptomics,	 and	 metabolomics,	 for	 a	 more	 comprehensive	 view	 of	 the	 microbiota.		
Knowing	simply	what	microorganisms	are	there,	while	an	essential	first	step,	does	not	fully	
explain	the	functions	of	the	microbial	community	to	host	health.		While	Chapter	4	ends	with	
a	 list	 of	 highly	 correlated	 OTUs	with	 risk	 factors	 for	 pathogen	 carriage,	 as	 well	 as	 with	
specific	 pathogens	 themselves,	 we	 cannot	 be	 certain	 that	 the	 behavior	 of	 the	 microbial	
community	lies	solely	on	these	few	members.		And	last,	but	certainly	not	least,	we	need	to	
involve	more	epidemiologists	 into	the	design	and	analyses	of	microbiome	studies	as	they	
relate	 to	human	health	and	disease.	 	Advances	 in	 the	 field	of	 the	human	microbiome	are	
happening	 quickly,	 from	 cheaper	 sequencing	 technology	 to	 more	 powerful	 yet	 user‐
friendly	 analytical	 tools.	 	While	 this	 progress	moves	 forward,	 it	 is	 imperative	 that	more	




community	 must	 embrace.	 	 Characterizing	 human	 microbiota	 structure	 and	 function	 in	
well	 designed	 epidemiologic	 studies	will	 improve	 our	 understanding	 of	what	makes	 one	

































This  questionnaire  asks  about  factors  which  may  or  may  not  influence  the  amount  and  types  of 































































































































































































































































































4a. Oral antibiotics? (please circle)    yes [1]  no [0]  
4b. If YES, when did you last take these?  _mm_/_dd_/_yy_  [1]  don't know [8] 
4c. Topical antibiotics? (please circle)    yes [1]  no [0]  
4d. If YES, when did you last take these?  _mm_/_dd_/_yy_  [1]  don't know [8] 











 6a.  any chronic illnesses?     yes [1]  no [0]   
 6b.  any infections?       yes [1]  no [0]   
 6c.  any allergies?       yes [1]  no [0]   




7a.  Vomiting        yes [1]  no [0]   
7b.  Diarrhea        yes [1]  no [0]   
7c.  Fever        yes [1]  no [0]   
7d.  Runny Nose        yes [1]  no [0]   
7e.  Cough        yes [1]  no [0]   
7f.  Sore Throat        yes [1]  no [0]   
7g.  Skin Infection      yes [1]  no [0]   
8.  On a scale of 1‐7, rate the current condition of the skin on your hands: (please circle) 
 
  8a.  APPEARANCE    1  2  3  4  5  6  7 
          (abnormal)        (normal) 
 
  8b.  INTACTNESS      1  2  3  4  5  6  7 
                (many abrasions or fissures)              (no abrasions or fissures) 
 
  8c.  MOISTURE CONTENT    1  2  3  4  5  6  7 
          (extremely dry)            (normal amount of moisture) 
 










  1‐2 patients [1]    3‐4 patients [2]    5‐6 patients [3]    7‐8 patients [4] 




































































































































































14.  What is your gender? (please circle)    Male [0]   Female [1] 
15.  In what month and year were you born?  _mm_/_yy_  [1] 
16.  What is your race/ethnicity? (please circle all that apply) 
















  20a.   _mm_/_yy_  [1]    Daycare [2]  Homecare [3]  Pre‐school [4] 
  20b.   _mm_/_yy_  [1]    Daycare [2]  Homecare [3]  Pre‐school [4] 
  20c.   _mm_/_yy_  [1]    Daycare [2]  Homecare [3]  Pre‐school [4] 
  20d.   _mm_/_yy_  [1]    Daycare [2]  Homecare [3]  Pre‐school [4] 

















	 An	 overview	 of	 the	 organization	 of	 the	 hand	microbiota	 samples	 collected	 in	 the	
study	shows	a	total	of	280	samples	sent	for	sequencing	[Supplemental	Figure	1].	





































	 Grouping	 the	 OTUs	 by	 samples	 and	 different	 taxonomic	 levels	 shows	 that	 the	
replicates	 were	 composed	 of	 Proteobacteria	 (46.7%	 and	 40.4%),	 Actinobacteria	 (28.9%	
and	 30.5%),	 Firmicutes	 (19.7%	 and	 22.4%),	 and	 Bacteroidetes	 (4.7%	 and	 6.1%)	 in	 a	
similarly	 proportioned	 fashion	 [Supplemental	 Figure	 4].	 	 Glove‐juice	 and	 swab	 samples	
were	composed	of	Proteobacteria	(35.9%	and	56.2%),	Actinobacteria	(38.8%	and	24.6%),	
Firmicutes	 (23.8%	 and	 11.0%),	 and	 Bacteroidetes	 (1.4%	 and	 8.0%),	 respectively	
[Supplemental	Figure	4].		While	the	relative	phylum	abundance	appeared	to	vary	similarly	
by	 healthcare	 worker,	 samples	 collected	 via	 swab	 consisted	 predominantly	 of	
Proteobacteria,	 whereas	 those	 collected	 via	 glove‐juice	 had	 a	 more	 even	 distribution	
among	the	top	three	phyla	(Proteobacteria,	Firmicutes,	and	Actinobacteria).		Samples	with	









	 Distance	 (weighted	unifrac)	histograms	 comparing	both	 sets	 of	 replicates	 showed	
that	 the	 distribution	 of	 distances	within	 the	 replicate	 sets	was	not	 significantly	 different	
than	 the	 distribution	 of	 distances	 between	 the	 sets	 [Supplemental	 Figure	 5].	 	 The	
distribution	of	distances	within	sampling	collection	method	was	slightly	 shifted	 from	the	
distribution	 of	 distances	 between	 sampling	 collection	 method.	 	 The	 distribution	 of	


















	 A	 bootstrapped	 UPGMA	 tree	 shows	 some	 hierarchical	 clustering	 by	 sampling	






















	 PCoA	 performed	with	 jackknife	 bootstrapping	 shows	 considerable	 overlapping	 of	
both	replicate	sets	as	well	as	DNA	extraction	methods,	but	relative	clustering	by	sampling	
collection	method	[Supplemental	Figure	9].	





Red = Glove-Juice 
Blue = Swab 
Red = Cocktail 
Blue = Lysozyme 
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	 Distance	 (weighted	 unifrac)	 histograms	 showed	 that	 the	 distribution	 of	 distances	
within	healthcare	workers	are	slightly	shifted	 from	the	distribution	of	distances	between	


















	 The	 bacterial	 V6	 rRNA	 region	 was	 amplified	 with	 the	 left‐side	 primer	
CWACGCGARGAACCTTACC	 and	 the	 right‐side	 primer	 ACRACACGAGCTGACGAC.	 	 These	
primer	 sequences	 are	 exact	 matches	 to	 >95%	 of	 the	 rRNA	 sequences	 from	 organisms	
identified	in	the	human	microbiome	project	(GBG,	unpublished	observations).	The	left‐side	
primers	 contained	 the	 standard	 Ion	 Torrent	 (Ion	 Torrent	 Systems,	 Guilford,	 CT,	 USA)	
adapter	and	key	sequence	at	their	5′	end	(CCATCTCATCCCTGCGTGTCTCCGACTCAG).	 	The	
right‐side	 primer	 had	 the	 other	 standard	 Ion	 Torrent	 adapter	 sequence	
(CCTCTCTATGGGCAGTCGGTGAT)	attached	to	its	5′	end.	 	Amplification	was	performed	for	
25	 cycles	 in	 40	 μl	 using	 the	 colorless	 GO‐Taq	 hot	 start	master	mix	 (Promega;	 #M5133)	
according	 to	 the	 manufacturer's	 instructions	 with	 the	 following	 three‐step	 temperature	
profile:	95°C,	55°C	and	72°C	for	1	minute	each	step.		5	μl	of	the	resulting	amplification	were	
quantified	 using	 the	 QuBit	 broad‐range	 double‐stranded	 DNA	 fluorometric	 quantitation	
reagent	 (Invitrogen	 Corp.;	 #Q32854).	 	 Samples	 were	 pooled	 at	 approximately	 equal	
concentrations	and	purified	using	a	Wizard	PCR	Clean‐Up	Kit	(Promega;	#A9285).	
DNA	Sequencing	and	Sequence	Reads	Filtering	




all	 runs	were	 pooled.	 	 The	 sequence	was	 provided	 in	 fastq	 format.	 	 All	 sequences	were	




encompasses	 the	 predicted	 amplicon	 product	 size	 from	 all	 human‐associated	 bacterial	
organisms	that	have	been	cultured	and	sequenced	as	part	of	the	HMP.		Table	1	shows	the	
number	 of	 raw	 and	 filtered	 reads	 obtained	 from	 each	 run.	 	 Run	 number	 3	 had	 the	 least	






Microbiota	 from	 34	 Healthcare	 Workers	 at	 the	 University	 of	 Michigan	 Surgical	
Intensive	Care	Unit,	July	5‐28,	2011.	
	
	 Between	46	 to	71%	of	 the	 reads	passed	 these	 filters;	 reads	not	passing	 the	 filters	
were	 not	 examined	 further.	 	 Reads	were	 processed	 as	 previously	 described	 (Gloor	 et	 al,	






identity	 level	were	 generated	 for	 each	 sample	 (Gloor	 et	 al,	 2010),	 keeping	 all	 sequences	






the	 full‐length,	 high‐quality,	 isolated	 subset.	 	 The	 20	 best	 hits	 were	 identified,	 and	 the	
taxonomic	classification	of	the	best	match	and	ties	was	collected.		The	classification	of	those	
hits	was	adopted	for	all	levels	where	the	classification	was	identical	across	all	best	matches,	
otherwise	 the	 classification	was	marked	 as	 undefined.	 	 The	 taxonomic	 classification	was	
added	 to	 the	sequence	count	 table	and	 the	data	were	presented	 in	 formats	 that	could	be	
accepted	by	QIIME	1.5.0	(Caporaso	et	al,	2010)	as	follows.	Sequence	alignments	were	built	





































































































































































































































































































































































































































































































































































































































































































































































































































1 0 0 0 0
2 0 1 (2.9) 0 0
3 1 (2.9) 1 (2.9) 4 (11.8) 1 (2.9)
4 2 (5.9) 3 (8.8) 9 (26.5) 2 (5.9)
5 2 (5.9) 5 (14.7) 7 (20.6) 2 (5.9)
6 19 (55.9) 13 (38.2) 11 (32.4) 7 (20.6)






























































Patient Contact N (%) Patient Contact N (%)
Performed Blood Draw Took Vital Signs
Never 5 (14.7) Never 1 (2.9)
1‐4 times 14 (41.2) 1‐4 times 7 (20.6)
5‐9 times 11 (32.4) 5‐9 times 1 (2.9)
10 or more 4 (11.8) 10 or more 25 (73.5)
Performed Wound Dressing Handled Soiled Bedpan
Never 8 (23.5) Never 13 (38.2)
1‐4 times 25 (73.5) 1‐4 times 17 (50)
5‐9 times 1 (2.9) 5‐9 times 3 (8.8)
10 or more 0 10 or more 1 (2.9)
Used (or cared for sites) IV, urinary catheters, Handled Soiled Linen
drain, endotracheal tube Never 0
Never 6 (17.6) 1‐4 times 17 (51.5)
1‐4 times 13 (38.2) 5‐9 times 5 (15.2)
5‐9 times 6 (17.6) 10 or more 11 (33.3)
10 or more 9 (26.5) Performed Hygiene Functions
Performed Physical Exam Never 5 (14.7)
Never 5 (14.7) 1‐4 times 21 (61.8)
1‐4 times 19 (55.9) 5‐9 times 6 (17.6)
5‐9 times 7 (20.6) 10 or more 2 (5.9)
10 or more 3 (8.8) Avg. No. Patients Directly Cared For During a Shift
Turned a Patient 1‐2 patients 20 (58.8)
Never 2 (5.9) 3‐4 patients 4 (11.8)
1‐4 times 7 (20.6) 5‐6 patients 4 (11.8)
5‐9 times 6 (17.6) 7‐8 patients 1 (2.9)






























































































those	 that	 had	 the	 convergence	 criteria	 fully	 met,	 it	 was	 the	 most	 parsimonious	 model	






































Table	 13.	 	 Type	 III	 Tests	 of	 Fixed	 Effects	 of	 the	 First	 Principal	 Component	 of	 the	
Principal	Coordinate	Analysis	of	the	Hand	Microbiota	Model.	
	
	 	 	 													 	 		Num					Den	
	 	 	 	 Effect									DF						DF				F	Value				Pr	>	F	
	 	 	 		log	S.	aureus										1						24							1.81				0.1905	
	 	 log	Enterococcus	spp.								1						24							0.01				0.9145	
	 	 	 HANDWASH											3						19							1.18				0.3452	
	 	 										ALCOHOL	USE											4						19							1.66				0.2005	
	 	 	 		GLOVE	USE											3						19							0.65				0.5939	
	 	 	 	 			AGE											1						19							0.12				0.7337	
	 	 	 WORK	SHIFT										2						15							2.01				0.1687	
	
Comparison	of	OTU	Correlations	
	 The	 comparison	 of	 the	 raw	 correlations	 (between	 OTUs	 and	 potential	 pathogens	
and	between	OTUs	and	potential	risk	factors	for	pathogen	carriage)	with	that	of	the	Fisher	
transformed	 correlations	 in	 the	 following	 Q‐Q	 plots	 indicate	 that	 in	 terms	 of	 individual	
OTUs	(as	opposed	to	the	microbial	community	structure	as	a	whole),	swab	sampling	time	




















1. Aiello AE, Cimiotti J, Della-Latta P, Larson EL (2003). “A comparison of the bacteria 
found on the hands of ‘homemakers’ and neonatal intensive care unit nurses” J Hosp 
Infect 54(4): 310–315. 
2. Aiello AE, Coulborn RM, Perez V, Larson EL (2008). “Effect of hand hygiene on 
infectious disease risk in the community setting: a meta-analysis” Am J Public Health 
98(8):1372-81. 
3. Allegranzi B, Pittet D (2009). “Role of hand hygiene in healthcare-associated infection 
prevention.” Hosp Infect 73:305-315. 
4. Allen-Vercoe E, Reid G, Viner N, Gloor GB, Hota S, Kim P, Lee C, O'Doherty K, 
Vanner SJ, Weese JS, Petrof EO (2012).  "A Canadian Working Group report on fecal 
microbial therapy: microbial ecosystems therapeutics."  Can J Gastroenterol  26(7):457-
62. 
5. Andersson AM, Weiss N, Rainey F, Salkinoja-Salonen MS (1999).  "Dust-borne bacteria 
in animal sheds, schools and children's day care centres."  J Appl Microbiol  86(4):622-
34. 
6. Arif N, Sheehy EC, Do T, Beighton D (2008). "Diversity of Veillonella spp. from sound 
and carious sites in children."  J Dent Res  87(3):278-82. 
7. Babaeva NY, Kushner MJ (2010). " Intracellular electric fields produced by dielectric 
barrier discharge treatment of skin." J Phys D: Appl Phys 43(185206):1-12. 
8. Banfield KR, Kerr KG (2005). "Could hospital patients' hands consititute a missing 
link?"  J Hosp Infect  61:183-188. 
9. M. Bek-Thomsen, H. B. Lomholt, and M. Kilian (2008).  “Acne is Not Associated with 
Yet-Uncultured Bacteria.”  J Clin Microbiol 46(10):3355–3360. 
10. Benson AK, Kelly SA, Legge R, Ma F, Low SJ, Kim J, Zhang M, Oh PL, Nehrenberg D, 
Hua K, Kachman SD, Moriyama EN, Walter J, Peterson DA, Pomp D (2010).  " 
Individuality in gut microbiota composition is a complex polygenic trait shaped by 
multiple environmental and host genetic factors." Proc Natl Acad Sci USA 
107(44):18933-8. 
11. Berg M (1991).  "Evaluation of a questionnaire used in dermatological epidemiology. 
Discrepancy between self-reported symptoms and objective signs." Acta Derm Venereol 
(Suppl)156:13-7. 
12. Blaser M (2010).  "Harnessing the power of the human microbiome."  PNAS 
107(14):6125-6. 
13. Bojar RA, Holland KT (2002). “Review: The human cutaneous microflora and factors 
controlling colonization” World J Microbiol & Biotechnol 18:889-903. 
14. Borges LFA, Silva BL, Filho PPG (2007). “Hand Washing: Changes in the skin flora” 
Am J Infect Control 35:417-20. 
15. Bowcock AM, Woodson WOCM (2004).  "The genetics of psoriasis, psoriatic arthritis 
and atopic dermatitis."  Human Mol Genet 13(1):R43-55. 
16. Caporaso JG, Lauber CL, Costello EK, Berg-Lyons D, Gonzalez A, Stombaugh J, 
Knights D, Gajer P, Ravel J, Fierer N, Gordon JI, Knight R (2011).  "Moving pictures of 
the human microbiome."  Genome Biol 12(5):R50. 
135 
 
17. Chang JY, Antonopoulos DA, Kalra A, Tonelli A, Khalife WT, Schmidt TM, Young VB 
(2008). “Decreased Diversity of the Fecal Microbiome in Recurrent Clostridium difficile–
Associated Diarrhea” J Infect Dis 197:435– 8. 
18. Chiller K, Selkin BA, Murakawa GJ (2001).  “Skin Microflora and Bacterial Infections of 
the Skin.”  Journal of Investigative Dermatology Symposium Proceedings 6:170-174. 
19. Cogen AJ, Nizet V, Gallo RL (2007).  “Skin microbiota: a source of disease or defence?”  
Brit J Dermatol 158:442–455. 
20. Cook HA, Furuya EY, Larson E, Vasquez G, Lowy FD (2007). "Heterosexual 
transmission of community-associated methicillin-resistant Staphylococcus aureus."  Clin 
Infect Dis  44:410. 
21. Correa MC, Memije EV, Vargas-Alarcón G, Guzmán RA, Rosetti F, Acuña-Alonzo V, 
Martínez-Rodríguez N, Granados J (2007).  " HLA-DR association with the genetic 
susceptibility to develop ashy dermatosis in Mexican Mestizo patients." J Am Acad 
Dermatol  56(4):617-20. 
22. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R (2009). "Bacterial 
Community Variation in Human Body Habitats Across Space and Time." Science 
326:1694-1697. 
23. Creamer E, Dorrian S, Dolan A, Sherlock O, Fitzgerald-Hughes D, Thomas T, Walsh J, 
Shore A, Sullivan D, Kinnevey P, Rossney AS, Cunney R, Coleman D, Humphreys H 
(2010).  " When are the hands of healthcare workers positive for methicillin-resistant 
Staphylococcus aureus?"  J Hosp Infect  75(2):107-11. 
24. Curtis TP, Sloan WT (2004). “Prokaryotic diversity and its limits: microbial community 
structure in nature and implications for microbial ecology” Curr Opin Microbiol 7:221-
226. 
25. Davies CE, Wilson MJ, Hill KE, Stephens P, Hill M, Harding KG, Thomas DW (2001). 
“Use of molecular techniques to study microbial diversity in the skin: Chronic wounds 
reevaluated.” Wound Rep Reg 9:332–340. 
26. Dekio I, Hayashi H, Sakamoto M, Kitahara M, Nishikawa T, Suematsu M, Benno Y 
(2005). “Detection of potentially novel bacterial components of the human skin 
microbiota using culture-independent molecular profiling.” J Med Microbiol 54:1231-
1238. 
27. Dekio I, Sakamoto M, Hayashi H, Amagai M, Suematsu M, Benno Y (2007).  
“Characterization of skin microbiota in patients with atopic dermatitis and in normal 
subjects using 16S rRNA gene-based comprehensive analysis.”  J Med Microbiol 
56:1675–1683. 
28. Delwart EL (2007). "Viral metagenomics." Rev Med Virol 17:115-131. 
29. Dethlefsen L, Eckburg PB, Bik EM, Relman DA (2006). "Assembly of the human 
intestinal microbiota." Trends Ecol Evol 21(9):517-523. 
30. Diez Roux AV, Aiello AE (2005). "Multilevel analysis of infectious diseases." J Infect 
Dis 191(Suppl 1):S25-33. 
31. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, 
Knight R (2010). " Delivery mode shapes the acquisition and structure of the initial 




32. Dotterud LK, Wilsgaard T, Vorland LH, Falk ES (2008). "The effect of UVB radiation 
on skin microbiota in patients with atopic dermatitis and healthy controls." Int J 
Circumpolar Health 67(2-3):254-260. 
33. Doyle JS, Buising KL, Thursky KA, Worth LJ, Richards MJ (2011).  "Epidemiology of 
infections acquired in intensive care units."  Semin Respir Crit Care Med  32(2):115-38. 
34. Duytschaever G, Huys G, Bekaert M, Boulanger L, De Boeck K, Vandamme P (2011). 
"Cross-sectional and longitudinal comparisons of the predominant fecal microbiota 
compositions of a group of pediatric patients with cystic fibrosis and their healthy 
siblings." Appl Environ Microbiol  77(22):8015-24. 
35. Eckmanns T, Schwab F, Bessert J, Wettstein R, Behnke M, Grundmann H, Rüden H, 
Gastmeir P (2006).  " Hand rub consumption and hand hygiene compliance are not 
indicators of pathogen transmission in intensive care units."  J Hosp Infect  63(4):406-11. 
36. Edgar RC (2004).  " MUSCLE: a multiple sequence alignment method with reduced time 
and space complexity."  BMC Bioinformatics  5:113. 
37. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011).  "UCHIME improves 
sensitivity and speed of chimera detection."  Bioinformatics  27(16):2194-200. 
38. Ege MJ, Mayer M, Schwaiger K, Mattes J, Pershagen G, van Hage M, Scheynius A, 
Bauer J, von Mutius E (2012). "Environmental Bacterial and Childhood Asthma."  
Allergy  67(12):1565-71. 
39. Eisenberg A (2010).  " Hospital-Clean Hands, Without All the Scrubbing." 
http://www.nytimes.com/2010/02/14/business/14novel.html. 
40. Evans CA (1975).  "Persistent individual differences in the bacterial flora of the skin of 
the forehead:  Number of Propionibacteria."  J Invest Dermatol  64:42-6. 
41. Falagas ME, Karveli EA, Siempos II, Vardakas KZ (2008). " Acinetobacter infections: a 
growing threat for critically ill patients."  Epidemiol Infect  136(8):1009-19. 
42. Farage MA, Maibach HI, Andersen KE, Lachapelle JM, Kern P, Ryan C, Ely J, Kanti A 
(2011).  " Historical perspective on the use of visual grading scales in evaluating skin 
irritation and sensitization." Contact Dermatitis  65(2):65-75. 
43. Feazel LM, Baumgartner LK, Peterson KL, Frank DN, Harris JK, Pace NR (2009). 
"Opportunistic pathogens enriched in showerhead biofilms." Proc Natl Acad Sci USA 
106(38):16393–16399. 
44. Fernández L, Delgado S, Herrero H, Maldonado A, Rodríguez JM (2008).  " The 
bacteriocin nisin, an effective agent for the treatment of staphylococcal mastitis during 
lactation."  J Hum Lact  24(3):311-6. 
45. Fierer N, Hamady M, Lauber CL, Knight R (2008).  “The influence of sex, handedness, 
and washing on the diversity of hand surface bacteria.”  Proc Natl Acad Sci USA 
105(46):17994–17999. 
46. Fierer N, Nemergut D, Knight R, Craine JM (2010).  " Changes through time: integrating 
microorganisms into the study of succession." Res Microbiol  161(8):635-42. 
47. Foster JA, Kron SM, Forney LJ (2008). "Application on ecological network theory to the 
human microbiome." Interdisciplinary Perspectives Infect Dis 839501:1-6. 
48. Foxman B, Goldberg D, Murdock C, Xi C, Gilsdorf JR (2008).  “Conceptualizing Human 
Microbiota: From Multicelled Organ to Ecological Community.” Interdisciplinary 
Perspectives on Infectious Diseases Vol2008, Article ID 613979:1-5. 
49. Fredricks DN (2001). “Microbial Ecology of Human Skin in Health and Disease.” JID 
Symposium Proceedings 6(3):167-169. 
137 
 
50. Gao Z, Tseng C, Pei Z, Blaser MJ (2007).  “Molecular analysis of human forearm 
superficial skin bacterial biota.”  PNAS 104(8):2927–2932. 
51. Gao Z, Tseng C-h, Strober BE, Pei Z, Blaser MJ (2008).  “Substantial Alterations of the 
Cutaneous Bacterial Biota in Psoriatic Lesions.”  PLoS ONE 3(7):e2719. 
52. Gloor GB, Hummelen R, Macklaim JM, Dickson RJ, Fernandes AD, MacPhee R, Reid G 
(2010).  " Microbiome profiling by illumina sequencing of combinatorial sequence-
tagged PCR products."  PLoS One  5(10):e15406. 
53. Grice EA, Kong HH, Renaud G, Young AC, Bouffard GG, Blakesley RW, Wolfsberg 
TG, Turner ML, Segre JA (2008).  “A diversity profile of the human skin microbiota.”  
Genome Research 18:1043–1050. 
54. Grice EA, Kong HH, Conlan S, Deming CB, Davis J, Young AC, Bouffard GG, 
Blakesley RW, Murray PR, Green ED, Turner ML, Segre JA (2009).  “Topographical 
and Temporal Diversity of the Human Skin Microbiome.”  Science 324:1190. 
55. Hamady M, Knight R (2009).  "Microbial community profiling for human microbiome 
projects: Tools, techniques, and challenges."  Genome Res  19(7):1141-52. 
56. Handsfield HH (2007).  "Methicillin-resistant Staphylococcus aureus infections in sex 
partners: what is a sexually transmitted disease?"  Clin Infect Dis 44:1664. 
57. Hayden MK (2000).  "Insights into the epidemiology and control of infection with 
vacomycin-resistant enterococci."  Clin Infect Dis  31:1058-65. 
58. Horn P, Schouenborg PØ, Brandslund I (2007).  " Quantification of Staphylococcus 
aureus and Staphylococcus epidermidis on the hands of health-care workers using a real-
time polymerase chain reaction method."  Scand J Clin Lab Invest  67(2):165-77. 
59. Hrncir T, Stepankova R, Kozakova H, Hudcovic T, Tlaskalova-Hogenova H (2008). “Gut 
microbiota and lipopolysaccharide content of the diet influence development of 
regulatory T cells: studies in germ-free mice.” BMC Immunology 2008, 9(65):1-11. 
60. Huppert JS, Bennett K, Kollar LM, Pattullo L, Mortensen JE (2011).  "MRSA: rare in the 
vagina."  J Pediatr Adolesc Gynecol  24(5):315-6. 
61. Iwase T, Uehara Y, Shinji H, Tajima A, Seo H, Takada K, Agata T, Mizunoe Y (2010).  " 
Staphylococcus epidermidis Esp inhibits Staphylococcus aureus biofilm formation and 
nasal colonization."  Nature  465(7296):346-9. 
62. Jha AK, Gurung D (2006). "Seasonal variation of skin diseases in Nepal: a hospital based 
annual study of out-patients visits."  Nepal Med Coll J 8(4):266-8. 
63. Jünemann S, Prior K, Szczepanowski R, Harks I, Ehmke B, Goesmann A, Stoye J, 
Harmsen D (2012). " Bacterial community shift in treated periodontitis patients revealed 
by ion torrent 16S rRNA gene amplicon sequencing."  PLoS One  7(8):e41606. 
64. Kaeberlein T, Lewis K, Epstein SS (2002). "Isolating "uncultivable" microorganisms in 
pure culture in a simulated natural environment." Science 296(5570):1127-1129. 
65. Kagan LJ, Aiello AE, Larson E (2002). "The role of the home environment in the 
transmission of infectious diseases." J Community Health 27(4):247-267. 
66. Kampf G, Kramer A (2004). “Epidemiologic Background of Hand Hygiene and 
Evaluation of the Most Important Agents for Scrubs and Rubs.” Clin Microbiol Rev 
17(4):863–893. 
67. Kawamura I, Yagi T, Hatakeyama K, Ohkura T, Ohkusu K, Takahashi Y, Kojima S, 
Hasegawa Y (2011). " Recurrent vascular catheter-related bacteremia caused by Delftia 




68. Khan ZU, Chandy R, Metwali KE (2003). " Candida albicans strain carriage in patients 
and nursing staff of an intensive care unit: a study of morphotypes and resistotypes."  
Mycoses  46(11-12):479-86. 
69. Klaenhammer TR (1993). " Genetics of bacteriocins produced by lactic acid bacteria." 
FEMS Microbiol Rev 12(1-3):39-85. 
70. Krutmann J (2009). “Pre- and probiotics for human skin.” J Dermatol Sci 54:1–5. 
71. Lai Y, Di Nardo A, Nakatsuji T, Leichtle A, Yang Y, Cogen AL, Wu ZR, Hooper LV, 
Schmidt RR, von Aulock S, Radek KA, Huang CM, Ryan AF, Gallo RL (2009). 
"Commensal bacteria regulate Toll-like receptor 3-dependent inflammation after skin 
injury." Nat Med 15(12):1377-1382. 
72. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, 
Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins DG 
(2007). " Clustal W and Clustal X version 2.0."  Bioinformatics  23(21):2947-8. 
73. Larson EL, Hughes CA, Pyrek JD, Sparks SM, Cagatay EU, Bartkus JM (1988). " 
Changes in bacterial flora associated with skin damage on hands of health care 
personnel."  Am J Infect Control  26(5):513-21. 
74. Larson EL, Butz AM, Gullette DL, Laughon BA (1990).  "Alcohol for surgical 
scrubbing?"  Infect Control Hosp Epidemiol 11(3):139-43. 
75. Larson E, Friedman C, Cohran J, Treston-Aurand J, Green S (1997).  " Prevalence and 
correlates of skin damage on the hands of nurses."  Heart Lung  26(5):404-12. 
76. Larson EL, Cronquist AB, Whittier S, Lai L, Lyle CT, Della Latta P (2000). " 
Differences in skin flora between inpatients and chronically ill outpatients." Heart Lung 
29(4):298-305. 
77. Larson E (2001). "Hygiene of the skin: When is clean too clean?" Emerging Infect Dis 
(7)2:225-230. 
78. Larson EL, Gomez-Duarte C, Lee LV, Della-Latta P, Kain DJ, Keswick BH (2002). 
"Microbial flora of hands of homemakers."  Am J Infect Control 31(2):72-9. 
79. Larson EL, Lin SX, Gomez-Pichardo C, Della-Latta P (2004). "Effect of antibacterial 
home cleaning and handwashing products on infectious disease symptoms: A 
randomized, double-blind trial." Annals Internal Medicine (140)5:321-329. 
80. Lo CW, Lai YK, Liu YT, Gallo RL, Huang CM (2010). " Staphylococcus aureus hijacks 
a skin commensal to intensify its virulence: immunization targeting β-hemolysin and 
CAMP factor."  J Invest Dermatol 131(2):401-9. 
81. Loman NJ, Misra RV, Dallman TJ, Constantinidou C, Gharbia SE, Wain J, Pallen MJ 
(2012). " Performance comparison of benchtop high-throughput sequencing platforms." 
Nat Biotechnol 30(5):434-9. 
82. Lozupone C, Knight R (2005). " UniFrac: a new phylogenetic method for comparing 
microbial communities."  Appl Environ Microbiol  71(12):8228-35. 
83. Little AEF, Robinson CJ, Peterson SB, Raffa KF, Handelsman J (2008). “Rules of 
Engagement: Interspecies Interactions that Regulate Microbial Communities.” Ann Rev 
Microbiol 62:375–401. 
84. Liu L, Li Y, Li S, Hu N, He Y, Pong R, Lin D, Lu L, Law M (2012). " Comparison of 
next-generation sequencing systems."  J Biomed Biotechnol  2012:251364. 
85. Luby SP, Agboatwalla M, Feikin DR, Painter J, Ward Billhimer MS, Arshad Altaf, 
Robert M Hoekstra (2005). " Effect of handwashing on child health: a randomised 
controlled trial." Lancet 366: 225–33. 
139 
 
86. Mai V, Draganov PV (2009). "Recent advances and remaining gaps in our knowledge of 
associations between gut microbiota and human health." World J Gastroenterol 15(1): 
81-85. 
87. Maier RM, Palmer MW, Andersen GL, Halonen MJ, Josephson KC, Maier RS, Martinez 
FD, Neilson JW, Stern DA, Vercelli D, Wright AL (2010). "The Bacterial Community in 
Household Dust: Environmental Determinants and Impact on Childhood Asthma." Appl 
Environ Microbiol  
88. Mans JJ, von Lackum K, Dorsey C, Willis S, Wallet SM, Baker HV, Lamont RJ, 
Handfield M (2009). "The degree of microbiome complexity influences the epithelial 
response to infection." BMC Genomics 10(380):1-13. 
89. Marris E (2009). "Staving off ecological disaster in lungs"  Nature  
doi:10.1038/news.2009.808.  
90. Marshall BM, Ochieng DJ, Levy SB (2008). " Commensals: Underappreciated Reservoir 
of Antibiotic Resistance." Microbe 4(5):231-238. 
91. Martin-Visscher LA, van Belkum MJ, Garneau-Tsodikova S, Whittal RM, Zheng J, 
McMullen LM, Vederas JC (2008). " Isolation and characterization of carnocyclin a, a 
novel circular bacteriocin produced by Carnobacterium maltaromaticum UAL307."  Appl 
Environ Microbiol 74(15):4756-63. 
92. Masenga J, Garbe C, Wagner J, Orfanos CE (1990).  " Staphylococcus aureus in atopic 
dermatitis and in nonatopic dermatitis."  Int J Dermatol  29(8):579-82. 
93. McBride ME, Duncan WC, Knox JM (1977). " The environment and the microbial 
ecology of human skin."  Appl Environ Microbiol 33(3):603-8. 
94. McGuire AL, Colgrove J, Whitney SN, Diaz CM, Bustillos D, Versalovic J (2008). 
“Ethical, legal, and social considerations in conducting the Human Microbiome Project.” 
Genome Res 18: 1861-1864. 
95. Nakabayashi A, Sei Y, Guillot J (2000).  " Identification of Malassezia species isolated 
from patients with seborrhoeic dermatitis, atopic dermatitis, pityriasis versicolor and 
normal subjects."  Med Mycol 38(5):337-41. 
96. Oakley BB, Fiedler TL, Marrazzo JM, Fredricks DN (2008). "Diversity of Human 
Vaginal Bacterial Communities and Associations with Clinically Defined Bacterial 
Vaginosis." Appl Environ Microbiol 74(15): 4898–4909. 
97. Ogunseitan O (2005). "Microbial Diversity." Blackwell Publishing, Malden, MA. 
98. Oh S, Kim SH, Ko Y, Sim JH, Kim KS, Lee SH, Park S, Kim YJ (2006). "Effect of 
bacteriocin produced by Lactococcus sp. HY 449 on skin-inflammatory bacteria." Food 
Chem Toxicol 44:1184–1190. 
99. Ordovas JM, Mooser V (2006). "Metagenomics: The role of the microbiome in 
cardiovascular diseases." Curr Opin Lipidol 17:157–161. 
100. Othman M, Aguero R, Lin HC (2008). "Alterations in intestinal microbial flora and 
human disease." Curr Opin Gastroenterol 24:11-16.  
101. Ott SJ, Kühbacher T, Musfeldt M, Rosenstiel P, Hellmig S, Rehman A, Drews O, 
Weichert W, Timmis KN, Schreiber S (2009). "Fungi and inflammatory bowel diseases: 
Alterations of composition and diversity." Scandinavian J Gastroenterol 43:831-841. 
102. Otto M, Echner H, Voelter W, Götz F (2001).  " Pheromone cross-inhibition between 
Staphylococcus aureus and Staphylococcus epidermidis."  Infect Immun 69(3):1957-60. 
103. Ouwehand AC, Batsman A, Salminen S (2003) “Probiotics for the skin: a new area of 
potential application?” Lett Appl Microbiol 36:327–331. 
140 
 
104. Paulino LC, Tseng CH, Strober BE, Blaser MJ (2006). "Molecular Analysis of Fungal 
Microbiota in Samples from Healthy Human Skin and Psoriatic Lesions." J Clin 
Microbiol 44(8):2933-2941. 
105. Peterson J, Garges S, Giovanni M, et al (2009). “The NIH Human Microbiome Project.” 
Genome Res 19(12):2317-23. 
106. Pivarcsi A, Nagy I, Kemeny L (2005).  "Innate Immunity in the Skin: How Keratinocytes 
Fight Against Pathogens." Curr Immunol Rev 1:29-42. 
107. Possemiers S, Grootaert C, Vermeiren J, Gross G, Marzorati M, Verstraete W, van de 
Wiele T (2009). "The Intestinal Environment in Health and Disease – Recent Insights on 
the Potential of Intestinal Bacteria to Influence Human Health." Current Pharmaceutical 
Design 15:2051-2065. 
108. Price LB, Liu CM, Johnson KE, Aziz M, Lau MK, Bowers J, Ravel J, Keim PS, 
Serwadda D, Wawer MJ, Gray RH (2010). "The effects of circumcision on the penis 
microbiome." PLoS One 5(1):1-12. 
109. Preiswerk B, Ullrich S, Speich R, Bloemberg GV, Hombach M (2011). " Human 
infection with Delftia tsuruhatensis isolated from a central venous catheter."  J Med 
Microbiol  60(Pt 2):246-8. 
110. Quail MA, Smith M, Coupland P, Otto TD, Harris SR, Connor TR, Bertoni A, Swerdlow 
HP, Gu Y (2012). "A tale of three next generation sequencing platforms: comparison of 
Ion Torrent, Pacific Biosciences and Illumina MiSeq sequencers."  BMC Genomics 
13:341. 
111. Rintala H, Pitkäranta M, Toivola M, Paulin L, Nevalainen A (2008). "Diversity and 
seasonal dynamics of bacterial community in indoor environment." BMC Microbiol 
8(56):1-13. 
112. Rocha LA, Ferreira de Almeida E Borges L, Gontijo Filho PP (2009). "Changes in hands 
microbiota associated with skin damage because of hand hygiene procedures on the 
health care workers."  Am J Infect Control  37(2):155-9. 
113. Romero-Steiner S, Witek T,Balish E (1990). "Adherence of skin bacteria to human 
epithelial cells."  J Clin Microbiol 28(1):27-31. 
114. Rosenthal M, Goldberg D, Aiello A, Larson E, Foxman B (2011).  "Skin microbiota: 
microbial community structure and its potential association with health and disease."  
Infect Genet Evol 11(5):839-48. 
115. Roth RR, James WD (1988). “Microbial Ecology of the Skin.” Ann Rev Microbiol 
42:441-61. 
116. Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, Davey M, Leamon JH, 
Johnson K, Milgrew MJ, Edwards M, Hoon J, Simons JF, Marran D, Myers JW, 
Davidson JF, Branting A, Nobile JR, Puc BP, Light D, Clark TA, Huber M, Branciforte 
JT, Stoner IB, Cawley SE, Lyons M, Fu Y, Homer N, Sedova M, Miao X, Reed B, 
Sabina J, Feierstein E, Schorn M, Alanjary M, Dimalanta E, Dressman D, Kasinskas R, 
Sokolsky T, Fidanza JA, Namsaraev E, McKernan KJ, Williams A, Roth GT, Bustillo J 
(2011). "An integrated semiconductor device enabling non-optical genome sequencing."  
Nature 475(7356):348-52. 




118. Sawa N, Zendo T, Kiyofuji J, Fujita K, Himeno K, Nakayama J, Sonomoto K (2009). 
"Identification and characterization of lactocyclicin Q, a novel cyclic bacteriocin 
produced by Lactococcus sp. strain QU 12." Appl Environ Microbiol  78(3):900-3.  
119. Scharschmidt TC, Man MQ, Hatano Y, Crumrine D, Gunathilake R, Sundberg JP, Silva 
KA, Mauro TM, Hupe M, Cho S, Wu Y, Celli A, Schmuth M, Feingold KR, Elias PM 
(2009).  "Filaggrin deficiency confers a paracellular barrier abnormality that reduces 
inflammatory thresholds to irritants and haptens." J Allergy Clin Immunol 124(3):496-
506.  
120. Schloss PD, Gevers D, Westcott SL (2011). " Reducing the effects of PCR amplification 
and sequencing artifacts on 16S rRNA-based studies."  PLoS One 6(12):e27310. 
121. Selwyn S (1975). "Natural antibiosis among skin bacteria as a primary defence against 
infection."  Brit J Dermatol 93:487-93. 
122. Simion FA, Rhein LD, Morrison BM, Scala DD, Salko KM, Kligman AM (1993). "Self-
perceived sensory responses to soap and synthetic detergent bars correlate with clinical 
signs of irritation." J Am Acad Dermatol 22:288-93. 
123. Singh S, Kaye S, Gore ME, McClure MO, Bunker CB (2009).  "The role of human 
endogenous retroviruses in melanoma." Brit J Dermatol 161:1225-1231. 
124. Smit HA, Coenraads PJ, Lavrijsen APM, Nater JP (1992). "Evaluation of a self-
administered questionnaire on hand dermatitis." Contact Dermatitis 26:11-6. 
125. Sommer MOA, Dantas G, Church GM (2009). "Functional characterization of the 
antibiotic resistance reservoir in the human microflora." Science 325:1128-1131. 
126. Souza WP (1984). "The role of disturbance in natural communities." Ann Rev Ecol 
Systematics 15:353-391. 
127. Stecher B, Hardt WD (2008). “The role of microbiota in infectious disease.” Trends in 
Microbiol 16(3):107-114. 
128. Tenover FC, McDonald LC (2005). " Vancomycin-resistant staphylococci and 
enterococci: epidemiology and control."  Curr Opin Infect Dis 18(4):300-5. 
129. Sultana B, Cimiotti J, Aiello AE, Sloan D, Larson E (2003). " Effects of age and race on 
skin condition and bacterial counts on hands of neonatal ICU nurses."  Heart Lung 
32(4):283-9. 
130. Theron J, Cloete TE (2000). "Molecular Techniques for Determining Microbial Diversity 
and Community Structure in Natural Environments." Crit Rev Microbiol 26(1):37-57. 
131. Tiwari SK, Srivastava S (2008). " Purification and characterization of plantaricin LR14: a 
novel bacteriocin produced by Lactobacillus plantarum LR/14." Appl Microbiol 
Biotechnol 79(5):759-67. 
132. Tlaskalová-Hogenová H, Štepánková R, Hudcovic T, Tucková L, Cukrowska B, 
Lodinová-Žádnıková R, Kozáková H, Rossmanna P, Bártová J, Sokol D, Funda DP, 
Borovská D, Reháková Z, Šinkora J, Hofman J, Drastich P, Kokešová A (2004) 
"Commensal bacteria (normal microflora), mucosal immunity and chronic inflammatory 
and autoimmune diseases." Immunol Lett 93:97–108. 
133. Trilla A (1994). " Epidemiology of nosocomial infections in adult intensive care units." 
Intensive Care Med 20(Suppl 3):S1-4. 
134. van Belkum A, Melles DC, Nouwen J, van Leeuwen WB, van Wamel W, Vos MC, 
Wertheim HFL, Verbrugh HA (2009). "Co-evolutionary aspects of human colonization 
and infection by Staphylococcus aureus." Infect Genet Evol 9:32-47. 
142 
 
135. Vincent JL, Rello J, Marshall J, Silva E, Anzueto A, Martin CD, Moreno R, Lipman J, 
Gomersall C, Sakr Y, Reinhart K; EPIC II Group of Investigators (2009). " International 
study of the prevalence and outcomes of infection in intensive care units." JAMA 
302(21):2323-9. 
136. Virgin HW, Wherry EJ, Ahmed R (2009). "Redefining viral chronic infection." Cell 
138:30-50. 
137. Wanke I, Steffen H, Christ C, Krismer B, Götz F, Peschel A, Schaller M, Schittek B 
(2010). " Skin commensals amplify the innate immune response to pathogens by 
activation of distinct signaling pathways." J Invest Dermatol 131(2):382-90. 





139. Wilson M (2005). "Microbial Inhabitants of Humans: Their Ecology and Role in Health 
and Disease", first ed. Cambridge University Press, Cambridge. 
140. Wilson M (2008). "Bacteriology of Humans: An Ecological Perspective", first ed  
Blackwell Publishing, Oxford. 
141. Wright P, Terry CS (1981). " Antagonism within populations of micro-organisms from 
normal human skin." J Med Microbiol 14(3):271-8. 
142. Yildiz FH (2007). "Processes controlling the transmission of bacterial pathogens in the 
environment." Res Microbiol 158:195-202. 
143. Young VB, Britton RA, Schmidt TM (2008). "The human microbiome and infectious 
diseases: Beyond Koch." Interdisciplinary Perspectives on Infectious Diseases Vol2008, 
Article ID 296873, 1-2. 
144. Yuan S, Cohen DB, Ravel J, Abdo Z, Forney LJ (2012). " Evaluation of methods for the 
extraction and purification of DNA from the human microbiome." PLoS One 
7(3):e33865. 
